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SUMMARY

,1' Communication and navigation systems are vital for the command and control

of strategic and tactical forces. Many of these systems rely on electromagnetic

propagation through the atmosphere, and the) can be degraded by nuclear explosions

that modify the atmosphere and produce electromagnetic radiation that interferes

with desired signals.

Communication and navigation systems operate over a large nortion of the

electromagnetic spectrum (from tens of hertz to tens of gigahertz), and depending

- on frequency are very differently affected by both the natural and nuclear-disturbed

atmospheric environments. The spatial and temporal variations in nuclear-disturbed

environments are also large, varying from a fraction of a kilometer to thousands of

* kilometers and from a few seconds to many hours. The analysis of system performance

generally requires detailed specification of the system mission and the nuclear

- £. weapon scenario, in addition to descriptions of system geometry, frequency, modula-

tion, etc.

Systems operating below about 30 MHZ rely on the natural ionosphere for

long-distance communications. The) are susceptible to weapon effects, and system

performance can be degraded or disrupted (generally by signal attenuation) for

hours. Generally, widespread effects produced by multiple dispersed low-altitude

bursts or by a few high-altitude bursts are required to disrupt system performance.

Propagation below about 50 kHz is less affected than propagation at higher frequen-

cies and is used for broadcast of low-data-rate high-priority messages.

Systems operating above 30 MHz generally use line-of-sight (LOS) propa-

gation between transmitter and receiver terminals. Nuclear weapon effects include

* signal attenuation and a variety of phase effects that result in signal distortion.

Typically, degradation regions affecting propagation above a few hundred megahertz

are tens to hundreds of kilometers in extent, and the duration of effects is tens

of seconds to tens of minutes for attenuation and from a few minutes to up to a few
Shours for signal distortion. Most of the propagation effects decrease with increas-

_ ing frequency, so that degradation of propagation at higher frequencies generally

occurs over a smaller region and is less persistent than degradation of propagation

at lower trequencies (an exception is attenuation caused by dust lofted into the

atmosphere by surface bursts).

0



Prediction of weapon effects is based on nuclear tests, laboratory experi-

ments, theoretical studies, and simulation with certain atmospheric phenomena. Rea-

sonably high confidence predictions can be made for most effects caused by bursts

detonated below about 100 km. Prediction uncertainties increase with increasing

burst altitude above 100 km, but many of the effects can be bounded with moderate

confidence. Predictions for interacting, multiple, high-altitude detonations are

incomplete.
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PREFACE

This handbook replaces DASA 2090, which was prepared in 1968 to summarize

results of a DNA-sponsored program to determine and describe communication link

performance in nuclear environments. The current handbook is based on DNA and DOD

reports listed in the Bibliography and presentations made at the DNA Longwave Work-

shop held at DNA 13-14 February 1979, the DNA/LASL High Altitude Summer Study held

at LASL 8-25 August 1978, the DNA Symposium on Alternate Communication Concepts held

at BDM Corporation 23-24 May 1978, and the AFWL Workshop on Nuclear Effects Vulner-

ability of Future MILSATCOM Links held at RDA 18-19 May 1977. Published workshop

proceedings are listed in the Bibliography; others are in preparation.
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SECTION 1

INTRODUCTION

1.1 OBJECTIVES

Communication and navigation systems are vital for the command and control

of strategic and tactical forces. Many, of these systems rely on electromagnetic

propagation through the atmosphere. Nuclear explosions can degrade system perform-

ance by affecting the propagation medium and by producing electromagnetic radiation

that can be received as noise. This handbook provides an overview of weapon effects

on communication and navigation systems and information for determining if sophisti-

cated analyses are required for system evaluation. Nuclear effects on system mate-

rial are not described.

Introductory descriptions of communication and navigation systems and
nuclear weapon scenarios that can affect these systems are given in Sections 1.2

and 1.3. Summary descriptions of propagation in ambient and disturbed environments

are given in Sections 2 and 3 for ionospheric-dependent propagation, in Section 4

dfor line-of-sight propagation, and in Sections 5 and 6 for scatter propagation.

0 1.2 COMMUNICATION AND NAVIGATION SYSTEMS

1.2.1 General

A communication system provides the information flow required in support

of a particular mission. The system may consist of a number of nodes, with pairs

of nodes connected by a communication link. Communication links in a system may use

the same frequency band or operate in different frequency bands.

Figure 1-1 illustrates the analysis required to determine communication

systems performance. The system description must be specified in terms of link

definitions and system objectives, and the nuclear threat in terms of weapon charac-

teristics, burst locations, and times. Often the detailed description of the threat

is not known, and either parametric studies or attempts at bounding the threat are

made. The analysis of link performance includes physical damage of terminals in-

cluding EMP, TREE, and SGEMP as well as blast and thermal effects, and analysis of

signal and noise propagation. If jamming increases noise levels, these noise sources

must be included in the analysis to determine combined effects. After the perform-

ance of each link has been determined, a network analysis may be required to

determine system performance if terminals are connected by many links.

7
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OBJECTIVES DEFINITION

COMMUNICATION ELECTRONIC
SYSTEMCOUNTERMEASURES

SANALYSIS AAYI -.. ,

WEAPON EFFECTS VULNERABILITy
ON PROPAGATION OF TERMINALS

Figure 1-1 Communication system performance
analysis requirements.

1.2.2 Communication Systems

Communication and navigation systems operate over a large portion of the

electronagnetic spectrum. Table 1-1 shows frequency bands used, modes of propaga-

tion, and principal operational use. Communication systems operating in nuclear-

disturbed environments can be described in terms of their use in strategic, tacti-

- cal, and ballistic missile defense missions.

1.2.2.1 Strategic Communications

J.2
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, ,_.',Fiaure 1-2 Current MEECN elements

' '*Atlantic/klediterranean, area. Other communications being, considered for an advanced

'. IILLCN. inCludL adaptive Hi. and meteor burst propagation.

.J.

%'

2 i1.2.2.2 Tactical Communications. Communications used for tactical missions

. include: 117 propag;ation (groundwave and skywave), UHF line-of-sight propagation,

] and troposcatter propagation. Future plans include the use of satellite systems to

• provide increased mobility and reliability. Line-of-sight propagation is used for

short distances between ground terminals and between ground terminals and aircraft.

, '. Troposcatter propagation is used for propagation beyond line-of-sight distances.

.. HF propagation is used for short-range communication (groundwave), and long-haul

communication (skywave) to rear arpas and the Defense Communication, System. HF is

%, also vital in establishinc troposcatter links and is the backup communication system.

: 1.2.2.3 Ballistic Missile Defense Communication. Ballistic missile defense "

.r

systems have stringent requirements for transmission of information to launch and I

010

.1"
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control interceptors. This includes transmissions from control locations to sites

S,''' decction, acquisition, and tracking are performed ahd between control loczi-

tions and ii.Lerceptors. Typically, line-of-sight propagation of frequencies in thc

UHF an' I'l bands is used.

1.2.3 NavigaLion Systes

, Current long-range navigation systems include Loran, Omega, and Transit.

A ne, satellite navigation syste,,, NAVSIAK Global Positioning System (GPS), is

bein. developed for use in the 1980's.

1.2.3.1 OMEGA. Omega is a VLF navigation aid. When fully operational, the OIEGA

VS svste. will consist of eight ground-based transmitting stations located around the

world that operate in the 10- to 14-kH: region. Any three stations can be utilized

to form a grid using conventional phase-difference measurement techniques. Position

accuracy within several kilometers can be obtained (differential measurements can

be used to improve accuracy near reference stati:ns).

1.2.3.2 LORAN. Loran-A is an MF navigation aid that is being replaced with OMEGA

ftefr rilltar use. Loran-A uses pulse transmissions between 1.85 MHz to 1.95 MHz

n cm:citio,:. p:stersla','e crnficuration to establish time differencc lines

of position. Position accuracy is several kilometers for groundwave signals and

about ten kilometers for skywave signals.

Loran-C is an L- navigation aid that uses a carrier phase comparison be-

taee: . aszer, slae stations and a time difference between pulse envelopes. Position

accuracies of less t'_an a kilometer can be obtained from the groundwave.

1.2.3.3 TRANSIT. Transit is a satellite navigation system that provides worldwide

coverage. The system nominally consists of-four satellites in polar orbit that

continuously transmit ephemeris information on 150 and 400 MIH. A position relative

to a satellite is determined from the doppler frequency of the received signal.

Position can be determined at intervals of approximately 110 minutes or less depend-

ing on the general location. Position accuracy of several hundred meters can be

obtained using one frequency, and accuracies within about 100 meters can be obtained

using both frequencies to reduce errors introduced by ionospheric time delay.

1.2.3.4 GPS. The GPS will consist of twenty-four satellites positioned so that a

0i minimum of six satellites will be visible at any time from any place on the earth's

surface. Measurements by ground-based stations will precisely locate every satel-

lite, and this information plus data on the satellite time reference and universal

GPS time base is transmitted by the satellites. Measurements of the propagation

11
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time from four satellites (four measurements allow use of a relatively simple

clock at the receiving site) provide position accuracies within a few meters.

The GPS signal will be transmitted on two frequencies, one nominally centered at

1.57S GH: and the other nominally centered at 1.230 GlBz. Several GPS user classes

- are planned related to different performance requirements. High-performance users

will receive both frequencies to reduce errors introduced by ionospheric time delay

and will utilize special signal modulation to obtain a secure, precision, anti-jam,

and multipath resistant signal

1.3 WEAPON ENVIRONMENTS

1.3.1 General

iumber

that

titude

The followingparagraphs describe nuclear bursts that may be used in

strategic and tactical warfare and as an anti-comrmunication tactic. Also described

are two idealized weapon-produc environments often used in analysis of D-region

effects. A tutorial description of propagation environments produced by nuclear

bursts and resulting propagation effects is given in the appendix.

1.3.3 Ballistic Missile Defense

Offensive forces may use nuclear explosions as penetration aids against

ballistic missile defense systems, and defensive systems may use a variety of weap-

on yields for reentry vehicle (RV) kill. Various detonation altitudes have been

considered, depending on the nature of the postulated offense or defense.

12

a



Multimegaton weapons detonated between tens of kilometers and hundreds of

kilometers are representative of interceptor and penetration aid weapons considered

in area defense system studies. These weapons may be fired in barrages for either

penetration or defense. Successive barrages can result in tens of detonations.

Interceptor weapons are designed to minimize degradation to the defensive

radIar systemns, while the opposite is true for the penetration aid bursts. For some

att3cks. penetration aid weapons may be detonated at dispersed locations, resulting

in widely spread fission debris at late times.

1.3.4 Tactical Weapons

Tactical weapons generally have yields of a few kilotons and would be

* detonated on or near the earth's surface. Weapon yields from less than a kiloton

to a few hundred kilotons may be considered in tactical studies.

1.3.7 Idealized Weapon-Produced Environments

It is convenient and useful to specify two idealized D-region ionization

environments produced by nuclear weapons for use in evaluating communication link

performance. One is an environment representing the transient decay of ionization

produced by prompt radiation, and the other is an environment representing the con-

tinuing ionization produced by delayed radiation. For communication links operating

in and below the HY band, the idealized environments are primarily useful when the

ionization is essentially uniform between the transmitter and receiver. For higher

13
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%frencies, the idealized environments are useful when they describe conditions

where the propagation path traverses the D-region.

1.3.7.1 Ionization Impulse Environment. For bursts detonated above several

hundred kilometers, prompt radiation produces widespread, D-region ionization at

" the time of the burst (see Figure 1-3). By a few tens of seconds after burst, the

ionization is relatively independent of burst yield and altitude and is essentially

determined by atmospheric species reactions. An idealized prompt radiation environ-

ment can be defined by evaluating prompt ionization for times after burst when the

ionization is independent of initial conditions. For these conditions, the ioniza-

tion at each altitude is only a function of time after burst and atmospheric param-

eters (species reaction rate coefficients).

6000

BURST

000E:" /

30002000

"1000 -

w%,e

0 _. 1000 2000 3M0 4000 SM0 am0 7000

GROUND RANGE (kml

% Figure 1-3. Extent of prompt ionization.

.-..

1.3.7.2 Spread Debris Environment. D-region ionization caused by delayed radi-

Sation from the fission debris cnbe sipymodeled when the debris is above about

80~ ~ ~ ~ ~ ~~a kmadisniomydsrmue.Frthspodtonteinzainiyh

~D-region beneath the debris is due to beta particles and gamma rays and can be

scaled in terms of the fission yield per unit area and average age of the debris.

• The spread debris scaling parameter w is defined by

N14



-' -1

F NI- T km -s
AtI .2 M

where

W F = fission yield (NIT)

A = debris area (km)

t = average age of debris (s).

Values of w/W F versus time for several debris radii are shown in Figure

1-4. Values of w greater than 10 represent severe attack environments. Values
-9 -12

of w between 10 and 10 are representative of a wide range of attack condi-

tions and can occur over a considerable area even for relatively light attacks.

For example, 15 NIT of fission debris distributed over a circular area with a radius

of 1500 km produces a value of w of 101 I0T km 2 s one hour after burst (or

bursts if more than one).

00-

10-9 -

DEBRIS RADIUS (kin)

01010

S10-11l
i1500

300
10"13

. 10-1

TIME (s)

Figure 1-4. Spread debris parameter.

1.4 STATE OF KNOWLEDGE

The current knowledge of nuclear effects on EM wave propagation stems

from nuclear tests, laboratory experiments, theoretical studies, and simulation

'515
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w ith certain atmospheric phenomena. For bursts below about 30 kin, system perform-

ance calculations can be predicted with high confidence. Exceptions are the dust

environment produced by large-yield surface barrages and the late-time (hours) fis-

sion debris radiation environ,nent. Predictions of dust distributions are quite

uncertain. At late times the fission debris distribution is largely determined by

atmospheric winds which can have considerable variation from nominal models.

For bursts between 30 and about 100 km, most phenomenology can be pre-

dicted with high confidence. Exceptions in this burst region involve detailed pre-

dictions of zhe structure of the beta particle ionization region and the late-time

fission debris distributions. However, most of the system effects of interest can

be boundcd with good confidence.

A the burst altitude, iK, increased above 100 kn., predictions of nuclear

phenomenology and effects on system performance become increasingly difficult. For

* bursts Vetween 100 an" about 300 kin, the mean characteristics of the burst-produced

* electron density can be predicted with moderate confidence. Deficiencies in obser-

vational data and theoretical work make detailed predictions of the electron density

struct:rL diffIc t. Lxpcrimcntal progras such as the Air Force Ceophysics Labora-

tory's Global Ionospheric Measurements, the DNA Wideband Satellite, and the DNA-Air

Force STRESS Barium Release Tests are improving prediction confidence.

Environment predictions for bursts detonated above 300 km are of low con-

fidcnce due to uncertainties associated with the details of weapon disassembly and

subsequent asymmetries in energy release. However, many effects .y be bounded with

moderate confidence.

The preceding comments apply to single bursts, and to multiple bursts

detonated below about 50 km. Predictions of environments resulting from interacting,

.. multiple, high-altitude detonations are currently incomplete.
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SECTION 2

ELF, VLF, AND LF PROPAGATION

2.1 GENERAL

Extremely low frequency (ELF), very low frequency (VLF), and low frequency

(LFI radio waves are, in general, characterized by propagation reliability and both

amplitude and phase stability when compared with high frequency radio waves. While

-he bandwidth and thus the information capability is relatively small, longwave

propagation is used for communication and navigation systems which must operate

over large distances with high reliability.

Communication systems operating in the upper VLF band and lower LF band

are an essential part of the current MEECN system, and the Navy has actively pursued

the development of an ELF system (SEAFARER. for essential communications. Because

of the high transmitter power and large transmitter antenna requirement for long-

range communications, systems using longwave propagation generally operate in the

broadcast mode providing one-way communications.

2.2 PROPAGATION IN THE NATURAL ENVIRONMENT

At ELF and VLF the distance between the earth and the ionospher, is less

than a fe, wavelengths and one can consider thiese as the boundaries of a waveguide.

The received field strength is the sum of the normal modes that have propagated to

the observation point. The quantities of interest are the excitation factor (the

relative energy supplied to the mode by the transmitter), the attenuation rate (loss

of energy per unit distancel, and the phase velocity of each mode. In the daytime

the energy is reflected from about 60-km altitude and at night from about 90 km.

At night the orientation of the propagating wave with the geomagnetic field is

significant, while for daytime (and for nuclear environments) the higher air density

at the reflection altitude reduces this dependence. Propagation is affected by

ground conductivity particularly at high latitudes, where conductivities less than-3 -1

10-3 mhos m are encountered.

ELF energy' is transmitted and received as a single TEM mode, and VLF
energy is generally transmitted and received as one or more TM modes. For VLF air-

borne terminals with large trailing wire antennas, propagation of TE fields must be

considered and conversion of energy beiween TE and TMI fields at the upper waveguide

boundary (geomagnetic field effects) can be important.
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For frequencies above 30 klt:, the distance between the earth and the iono-

-.* sphere is many wavelengths. While the received field strength can be computed as

the sum of waveguide modes, it usually is computed as the sum of the direct (or

ground) wave, the first hop skywave (energy reflected once from the ionosphere),

the second hop skywave (energy reflected twice from the ionosphere), etc.

XLF arid LF groundwave propagation goes to considerable distances (up to

several thousand kilometers) and generally represents a minimum signal for very

disturbed conditions where the ionosphere does not reflect energy. Signal strengths

less than the groundwave may occur for depressed ionospheres over regions of low

ground conductivity, particularly in the VLF band.

Low-frequency noise is due to noise propagated from distant thunderstorm

activity, local thu' 2rstorm activity, and man-made noise. When the dominant noise

source is distant atmospherics, the noise as well as the signal can be affected by

burst-produced ionization. The signal-to-noise ratio may remain the same (signal

and noise attenuated the same), may increase (signal attenuated less than noise),
%. or may decrease (signal attenuated more than noise) depending on the relative geom-

-. try of the sigii. a__* soures, the receiver terminal, and thL burst-produced

ionization. Mhen the receiveu noise is determined by local noise (as is commonly

the case), the noise is not affected by burst-produced ionization and the signal-

to-noise ratio is determined by changes in the signal strength.

2.3 PROPAGATION IN A NUCLEAR ENVIRONMENT

2.3.1 General

A nuclear detonation increases the ionization in and below the D-region,

which constitutes the top of the earth-ionosphere waveguide. The increased ioniza-

tion may cause the following changes:

1. The reflection region may be lowered (ie, the top of the waveguide

may be depressed)

2. The reflection characteristics of the upper boundary of the wave-

guide may be modified

3. An absorption region may be formed below the upper boundary.

In general, these changes will increase the attenuation rate. Lowering

* the reflection height can increase the excitation factor (amount of energy propa-

gated) of the dominant mode, and the received signal strength will depend on the

%, trade-off between attenuation and excitation. Changes in the reflection altitude

also affect signal phase. Immediately after a burst the reflection altitude is

* rapidly lowered and the signal phase may change thousands of degrees in a few

18
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milliseconds. Following this, the ionosphere slowly recovers and phase changes of

a few degrees per minute may be experienced. For most systems (particularly those

with differential phase measurements) the phase changes following the initial change

can be tolerated.

Degradation of long-wavelength systems normally will not be significant

unless a large portion (greater than several hundred kilometers) of the path between

transmitter and receiver terminals is affected. An ionization impulse resulting

fror. a very high altitude (even though low yield) detonation affects a wide area

and may degrade system performance for tens of minutes. Following multiple dispersed

bursts or at late times after a single high-altitude burst, fission debris can pro-

duce widespread ionization that affects long-wavelength systems for tens of minutes

to hours. Examples of propagation effects for conditions approximating these wide-

spread ionization environments (see Section 1.3.7) are given below.

2.3.2 Ionization Impulse Environment

Figure 2-1 shows the vertical electric field strength for a 4000 km link

i;: the idealized ionization impulse environment described in Section 1.3.7.1. For

bursts detonated above about 1000 km, prompt ionization can modify the ionosphere

over the entire link (see Figure 1-3). As mentioned in Section 1.3.7.1, the

IkW RADIATED POWER
S EA *ATER PATH
NIGHTTIME FREOUENCY (kHz)

_ 4C,- 4M00 k LINK1.

3C

1

440

.0

a, 100

10 100 1000

TIME Is)

Figure 2-1. Signal strength for prompt radiation environment.
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ionlzation after a feb' tens of seconds is essentially independent of weapon yield,

and relatively small (fraction of a megaton) yield bursts can produce effects

similar to those shown in Figure 2-1. The results shown in Figure 2-1 are for a

Ar %erticai electric dipole transmitter antenna except for ELF, where a horizontal

dipole antenna over poorly conducting soil (1.7 x 10-4 mhos/m) was assumed.

The signal loss is significant for several minutes and is larger at the

higher frequencies. The calculations shown in Figure 2-1 are for uniform ioniza-

tion over the entire path. For longer links or links where the burst-produced ioni-

zation is largely between the terminals, the change in attenuation will dominate

changes in the excitation factors and the electric field strength will be less than

is shown in Figure 2-1.

Sinilar result are obtained for daytime conditions, except recovery of

the signal strength to ambient occurs somewhat faster. VLF and LF TE propagation

(elevated horizontally polarized transmitting antenna) will be attenuated more by

0 nuclear-weapon-produced ionization than TM propagation. Predictions of propagation

effects caused by prompt radiation are uncertain mainly due to uncertainties in

at -:ic chem'Ustry.. The uncertainties can be approximately accounted for by

allowing for a factor of three in the time when the signal strength recovers to a

given value.

2.3.3 Spread Debris Environment

Figure 2-2 shows vertical electric field strength for a 4000 km link in

the i-alized spread debris environment described in Section 1.3.7.2. For this

intermediate-length link, vales of the spread debris parameter, w, greater than
,, bou I-10 k-2 -l

about 10 NIT km s can produce significant-reductions in VLF signal strength,

while somewhat smaller values can affect LF signals.

% As previously mentioned, the change in signal strength is due to the com-

bined changes in excitation factors and attenuation rate, and effects will vary

0~ depending on the relative location of the burst-produced ionization and the link

terminals. The dashed curve in Figure 2-2 shows electric field strength when the

ambient excitation factors are used; comparison of this curve with the solid curve

shows the importance of the excitation factors when the regions above the terminals

* are affected and the link is relatively short. As for prompt radiation, TE propa-

gation is affected more than TM propagation. Similar results are obtained for day-

,, time conditions.

Ionization is produced in the burst region and in the geomagnetic conju-
gate of the burst region. Uncertainties in the predicted electric field strength

02
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Figure 2-2. Signal strength for spread debris environment.

depend on a number of factors, including frequency, magnitude of ionization, and

link length, and are difficult to generalize. For a 4000 km link and moderate

.~Ci ionization levels, the predicted field strengths are uncertain by about a factor of

three (largely due to uncertainties in atmospheric chemistry and ion-neutral colli-

sion frequencies). This is comparable to that caused by uncertainty in specifying

the appropriate value of the spread debris parameter, which depends on burst scena-

S. - rio and late-time debris modeling.
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SECTION 3

MF AND HF PROPAGATION

*-.,, 3.1 GENERAL

ihe H1 band is used to support both strategic and tactical operations.

Strategic cotamunications typically use long-distance links (greater than several

thousand kiloc-tcrs while tact iLcal communications t\pically use links of a few

hundred to several thousand kilomcter-. Long-C-qtancr HF links may constitute a

maior part of the U.S. post-attack communication capability. The MF band is gen-

-. erallv limited to groundwave propagation and is mainly used for commercial

broadcasts.

* The principal HF systems used are voice and frequency shift keying (FSK).
.for mar;, ay caticns, voice quality is a function of only the signal-to-noise

ratio, and tire and frequencv distortions of the signal can be neglected. A signal

is generally usable if the signal-to-noise ratio exceeds a threshold of 20 to 30 dB.

Lovelopment of adaptive HF circuits that can rapidly select optimum propa-

gatioi freqjuencie s including frequencies in the lower VHF band is being considered
to i o:'ro ,r itioi' in th2 post-attack period. Use of MF groundwave propagation

to -onnect terminals in a communication grid is also being studied for use in the

trans- and post-attack periods.

3.2 PROPAGATION IN THE NATURAL ENVIRONMENT

HF line-of-sight (LOS) and groundwave propagation are used for short-range

communIcat ions, particularly for tactical communications. The range of the ground-

wave depends on terrain, conductivity, and propagation frequency and can be as much

0 as several hundred kilometers.

For long distances the HF signal is propagated by man' skywaves connecting

transmitter and receiver, each traveling via the ionosphere with a diffcrent geome-

try. Figure 3-1 shows an example of the skywave geomet:v of a 4000-km path during

the daytime at a singie frequency. This multi-ray path characteristic of HF is

very iMn-rant in any anal\.is of the susceptibility of a circuit to degradation

from nuclear effects. Natural variations in the ionosphere affect the ray-path

geometry at any specific time.
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LONG-HAUL. SKYWAVE PROPAGATION Iv,

", ~ Figure 3-1. Example of HF ray-path geometry.

I Two regions or segments of a skywave are critical to its usefulness for

-, commu:nication. The first is the region of reflection. A proper combination of

.-. eectro;. dlstx, and incidence angle is required before reflection is possible.

#.' Depending upon operating frequency, reflection normally" occurs in the ionospheric

__ - -re>gio;h i to 130 km altitudej or -region (>130 ki). The second skwave segment

of importance is that in the D-region (S0 to 90 ki). Because of the high collision

. frequency bet ,een neutral particles and electrons, this region is responsible for

7.:.' .. t, b<-orp'tti :, ius of sigi.l strengths incurlud aong a gi LeI ra) . Little

S . ray bending normally occurs in this region.

, The usable frequency spectrum extends from the maximum usable frequency"

- (MlUF) down to the lowest frequency' that provides acceptable signal quality. The

maximu. usable frequency is determined by the reflection region and is lo~er at

"%" night than in the daytime due to the smaller electron density at night. Thc. lowest

frequency is determined by" signal strength and the received noise intensity' (and

AI signal distortion in the case of FSK). In the daytime, signal strength is reduced

,, by 1-region absorption and the lowest usable frequency' is higher than at night,

" ,hcn i,-region absorption nearly' disappears. Examples of usable frequen, - for
~several path lengths are shownn in Table 3-1.

•- Table 3-1. Preburst propagating frequencies.

0Usable Spectrum (MHz)

SPath Length (kin)DaNgh
Long (8,000) 14-28 4-16

• Intermediate (4,000) 8-28 2-16

5 Short (400) 4-8 2-5

"Source: DASA 1955-
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\ i> signal-to-noise ratios are generally greater at night than in the

daytime, time delay dispersion is more significant. This results from signals

being received from more than one skywave with nearly equal magnitudes but different

propagation times (different path lengths). Time delay dispersions cause reduced

signal bandwidths.

Received noise in the HF band has been calculated as a combination of

propagated noise from thunderstorm centers (concentrated mostly in tropical areas)

and man-made local noise. Atmospheric noise is the dominant type at night when

ionospheric absorption is less, whereas man-made noise may set the daytime level.

Very often, however, the noise level is determined by other interfering signals

due to congestion of the HF band.

Norn-l propagation in the MF band is characterized by large atte,'iation

of skywaves in the daytime, limiting communication to the groundwave range. At

night s1>'wave signals from other stations can cause interference.

3.3 PROPAGATION IN A NUCLEAR ENVIRONMENT

3.3.1 General

The nuclear environment can affect both the D-region and reflection re-

gion segments of the propagation path. Generally the dominant effect is absorption

resilting froF P-region ionization. The duration of absorption depends on weapon

*" parameters, frequency, and time of day (day or night) and varies from a few minutes
for a small-yield burst and nighttime conditions to several hours or more for a

" largo-ield burst and daytime conditions.

Detailed calculations of signal attenuation due to D-region absorption

require determining the absorption for each skywave connecting transmitter and re-

ceiver. Because D-region ionization does not appreciably alter preburst geometry,

the preburst geometry often can be used in determining signal attenuation. However,

as discussed below, burst-produced changes in E- and F-region electron densities

can alter the number and location of skywaves and thus affect attenuation calculations.

Because of the multiple skywave characteristics of HF propagation, the

absorption region must be relatively large to prevent signal propagation. Small

absorption regions such as those produced by low-altitude bursts can affect signals,

but the results are critically dependent on skywave geometry. In the HF band D-

region absorption scales inversely with frequency squared and can be minimized by

using frequencies as close to the MUF as possible. In some circumstances discussed

below, propagation in the lower portion of the VHF band may be possible with conse-

quent reduction in signal attenuation. Since a large fraction of HF noise may be
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pro;,agated via the ionosphere, the received noise level can also be reduced by L-

region absorption. Burst-produced P-region absorption may improve NIF groundwave

A" reception at night by attenuating interfering skywave signals. Generally the normal

P-rc icn absorption for daytime conditions will attenuate MF skywave signals.

-,Burst-produced ionization and traveling disturbances (shock waves, acous-

tic gravity waves) in the E- and F-regions of the ionosphere can produce significant

changes in the reflection region ionization that can last for hours. For burst

altitudes in and abave thL upper D-region, prompt radiation can produce widespread

L- and F-region ionization, principally in the burst region but also in the geomag-

netic conugate region (opposite hemisphere). The region in which the air is ini-

tially singly ionized and highly heated (fireball region) can remain sufficiently

4  ionized to reflect and scatter HF and VHF energy for hours after burst. Following

the three highest Fish Bowl events VHF reflections from the fireball were observed

on oblique ionospheric sounders for several hours after burst.

After a few minutes, high-altitude fireballs (plumes) are aligned along

th. georgnc: c ficld and become elongated tubes that can extend from one hemisphere

to the other. Reflections from these late-time fireball regions may allow propaga-

tion in the VHF band when absorption is severe at lower frequencies. However, the

usefulness of these burst-produced skywave paths (sometimes called bomb modes) de-

peon critically on the relative geometry of transmitter, receiver, and fireball.

Useful reflections may not be possible at mid- and high-latitudes. Nevertheless,

systems able to utilize VHFI propagation may be able to substantially reduce circuit

ut, outac times.

Lar4-scale traveling disturbances in the E- and F-regions of the iono-

sphere are coupled to the existing ionization and can cause either positive or

negative perturbations in the electron density, depending upon height, velocity,

propagation direction with respect to the geomagnetic field, and other parame-

ters. For bursts above about 50 km, a strong shock wave may propagate in the F-

- -ion to considerable distances, affecting atmospheric density, composition, tem-

perature, and ionization. Following Teak (a nighttime large-yield D-region burst),

there was a large region (several thousand kilometers in diameter) in which the

e.," electron content in the F-region was diminished substantially below normal values

* until the following morning. The result was to lower the critical frequency and

thus degrade or break HF communication links, depending on F-region reflections.

'. Such severe chanres in F-recion reflection properties were not noted during the Fish

*" Bowl test series; however, reductions of 50 percent lasting a few hours were noted.
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F-region depletion is expected to be a significant degradation phenomenon near th .

burst after large-yield, nighttime, D-region detonations. Recovery of the F-region

after daytime detonations is expected to occur more rapidly; however, it is not

known whether there will be defocusing, multipath, and fading of HF signals reflected

from the region.

As the shock wave propagates away from the source, it loses energy and

evolves into acoustic gravity waves. These waves can propagate many thousands of

kilometers and, depending on the direction of propagation relative to the geomag-

netic field, either increase or decrease the maximum F-region electron density.

Substantial increases in electron density and thus critical frequency (increases in

critical freuency up to a fa.ctor of 3) that can be related to acoustic gravity
wave- wcrc noted in the southern ccniagate region following the Teak, King Fish, ,nd

Star Fish bursts.

3.3.2 Ionization Impulse Environment

Figure 3-2 shows the one-wa" vertical absorption produced by the idealized

ionization impulse environment described in Section 1.3.7.1. For bursts detonated

above about 1000 km, prompt ionization can affect both the upgoing and downgoing
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Figure 3-2. One-way vertical absorptior due to
prompt radiation.
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segments of a skywave (see Figures 3-1 and 1-3). As mentioned in Section 1.3.,

the ionization after a few tens of seconds is essentially independent of yield,

and relatively small (fraction of a megaton) yield bursts can produce effects simi-

lar to those shown in Figure 3-2.

For typical HF links the one-way path absorption is about 5 times the one-

way vertical path absorption (angle of incidence in the D-region of about 80 degrees).

1hus for widespread impulse environments that affect two or more D-region segments,

the si-nal loss will be nt least 10 limes the one-wav vertical nath absorntion and

significant HF absorption can last for a few minutes in the daytime and a few tens

of seconds at night. If VHF propagation can be utilized, the duration of signifi-

cant absorption due to prompt radiation will be reduced to a few seconds.

Predictions of propagation effects caused by prompt radiation are uncer-

tain mainly due to uncertainties in atmospheric chemistry. The uncertainties can

be approximately accounted for by allowing for a factor of 3 in the time when the

absorption reaches a given value.

3.3.3 Spread Debris Environment

Figure 3-3 shows one-way vertical absorption in the idealized spread

debris environment described in Section 1.3.7.2. Values of the spread debris pa-

rameter, w, greater than about 10 ? NT km s can produce significant HE signal

loss. If VHF propazation can be utilized, values of w greater than about 10- 10

MT -2 - would be necessary to affect signal levels.

For a given value of w the prediction of absorption due to delayed radi-

ation is uncertain by about a factor of 2, largely due to uncertainties in atmos-

phcrc chcmi-yr. The appropriate value of w is uncertain due to uncertainties

in the number, location, and parameters of bursts and at late times the fission

debris distribution.

For debris above 80 km (assumption used in determining idealized spread

debris environment), beta particles produce D-region ionization beneath the debris

and at the geomagnetic conjugate region. Thus, for high-altitude debris regions

there are two absorption regions: one on each side of the geomagnetic equator.
A large-scale ground attack can result in a widespread low-altitude debris

region. Gamma radiation from the debris will produce D-region ionization in the

0 burst locale. For debris dispersed at about 25 km altitude (approximate stabiliza-

tion altitude for large-yield surface bursts), the one-way vertical absorption can

be estimated by dividing the absorption obtained from Figure 3-2 by a factor of
-10 -2 1labout 7. Thus, the one-way vertical absorption at 20 MNIz for w 10 MT km s

would be about 5 dB for daytime conditions.
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and has range advantages (ie, reduced node numbers) over line-of-

sight, ground-based networks. Such networks are well suited to

serving a relatively localized set of subscribers.

Communication links dependent on skywave propagation are vulnerable

to nuclear burst degradation. The major effects are D-region absorp-

tion and disturbances to skywave reflection regions (E- and F-regions).

3. Widespread effects lasting for hours can result from a massive lay-

down of megaton surface bursts, a few large-yield bursts detonated

between 50 and about 500 km, or smaller yield weapons detonated se-

quentially (few minute intervals) above several hundred kilometers.

4. The effects of a few bursts detonated below about 30 km generally will

be negligible or short-lived unless the bursts are accurately placed.

Burst location for single bursts detonated above 30 km can also be

critical, depending on burst and link parameters and time of day (day

or night). The duration of D-region absorption is much less at night

than durinz the day.

6. Uncertainties in D-region absorption predictions are mainly due to

uncertainties in atmospheric chemistry and the location of fission

debris. Predictions of the location and extent of fission debris in-

crease in uncertainty with increasing altitude and time. Predictions

of disturbances to the normal reflection regions and the creation of

new reflection regions are highly uncertain.
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SECTION 4

LINE-OF-SIGHT PROPAGATION

GENERAL

%

0

4.2 PROPAGATION IN THE NATURAL ENVIRONMENT

Propagation in and above the UHF band is essentially not affected by the

mean properties of the natural ionosphere. Scintillation effects related to ambient
S ionization inhomogenities at equatorial and polar locations may affect UHF and

occasionally SHF propagation. Signal attenuation due to water vapor and molecular
oxygen may be important when evaluating SHF and EHF propagation.

Generally, system noise levels are determined by receiver input noise.
* Low-noise receivers may be used in commercial links, but are usually not considered

for military applications since they increase the vulnerability to nuclear-burst-

* -. produced noise.
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Typical modulation schemes for satellite communications include frequency-

division multiplex frequency modulation (FDM-FM), and digital phase shift keying

(PSK). PSK is being considered for use with systems employing time division multiple

access (TPM) and code division multiple access (CELA) using spread spectrum tech-

niques.

4.3 PROPAGATION IN A NUCLEAR ENVIRONMENT

4.3.1 General

The major effects caused by a nuclear environment are due to the creation

of free electrons. The increased electron density results in absorption, refraction,

'1 time delays, dispersion, Faraday rotation, and noise. Inhomogeneities in electron

density result in scintillation in amplitude, phase, angle of arrival, and propaga-

tion time delay. Propagation can also be affected by dust clouds caused by surface

bursts. Molecular resonance absorption due to burst-produced species may be impor-

tant in the EliF band.

Subionospheric propagation paths (paths entirely below about 50 km) gener-

ally will only be affected when the path goes through or very close to a fireball

rL ic:r c-ds: cloud. 'ransionospheric propagation paths can be affccted when the

path is in or close to a fireball or goes through burst-produced, D-region ioniza-

tion. Traveling disturbances (shock waves, acoustic-gravity waves) may produce

inhomogeneities in the ambient F-region ionization over thousands of kilometers,

resulting in scintillation effects similar to those occurring during severe ambient

cor -Lions. However, quantitative models for these potentially widespread, striated

regions that could affect transionospheric propagation are incomplete.

Because of the relatively small size and rapid motion of fireballs for

bursts below 190-km altitude, the duration of fireball effects is limited to the

path interdiction time, typically tens of seconds. For higher altitude bursts, the

fireball motion may not be sufficient to move the region out of the sight line to a

synchronous satellite, and the degradation period may be extended to tens of minutes.

For nonsynchronous satellites and probes the duration of effects generally will be

determined by the motion of the propagation path.

The received noise level can be increased by thermal emissions from fire-

ball regions. The fireball will remain at temperatures above about 1000 K from a
few tens of seconds for low-altitude bursts to a few tens of minutes for high-altitude

bursts, and can produce effective antenna noise temperatures of several thousand

degrees if the antenna is pointed at the fireball. In general, thermal noise will

be significant only for systems with low receiver noise temperatures. The actual
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noise received will depend on the properties of the fireball (whether it is absorb-

ing at the frequency of interest), the amount of attenuation outside the fireball,

and the directivity of the antenna.

D-region ionization produced by delayed radiation (beta particles, gamma

rays) produces absorption that lasts from tens to hundreds of seconds depending on
frequency, burst altitude, and fission yield. Delayed gamma rays caii affect propa-

gation in the VHF band over a region of several hundred kilometers in radius for

tens of seconds. The extent of D-region absorption caused by beta particles is

determined by the debris expansion and can affect propagation in the VHF and lower

UHF bands for tens to hundreds of seconds.

Fireball regions are initially highly ionized. For fireballs below about

100 km, electron collisions with neutral particles cause absorption to be the domi-

nant propagation effect due to burst-produced ionization. At higher altitudes,

phase effects can continue to be important after absorption has diminished. For

surface bursts, dust lofted by the fireball can produce a dust cloud within and

below the fireball that scatters and attenuates electromagnetic energy.

gure 4-1 shows the absorption caused by propagating through a fireball

b/.

S

Figure 4-1 Fireball absorption for a 1 MT surface burst
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and dust cloud produced by a 1 NfI surface burst. For surface bursts the absorption

due to electrons is essentially independent of frequency for propagation frequencies

below about 10 GHz. The absorption due to the dust cloud is approximately propor-

tional to frequency. The range in values shown is due to the effects of different

soil types. Fireball and dust cloud regions for surface bursts are a few kilometers

in radius during the first few minutes after burst. The absorption due to dust

shown in Figure 4-1 is for a vertical path through the dust cloud. For horizontal

paths both the magnitude and time history of absorption depend on path altitude.

Propagation through dust clouds may also result in large amplitude and phase scin-

tillations; however, quantitative models are incomplete. Figure 4-2 shows burst

yield-altitude combinations producing dust effects.

Figure 4-2 Yield-altitude region producing dust clouds
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Figure 4-3 One-way path absorption throuqh fireball
for a 1 MT, 60 km burst

Fireball regions for bursts detonated above 100 km can be large and after

a few tens of seconds become aligned along the geomagnetic field. Figure 4-4 shows

predicted electron density contours after a large-yield burst at 200 km. The absorp-
A tion and phase effects depend on the location of the propagation path within the

fireball. The following figures are for paths near the bottom of the fireball that

are nearly normal to the fireball axis.

A

~37

-4



~~BD --

ELECTRON DENSITY (an-3 )
700

600-3.0

500 1)
E

wQ
40010

3000

300200

1001

20:

40 30 200 100 0 100 20 30 400

**4 '1GROUND RANGE (lam)

- ~.(a) t 30 s

N NmgwticALTITUOE (kam)

10

OMAH 
1 0

-I.-

38

44



102~ 1018

S.-U
zHS AINE( H

zJ >

< 0
L 10 101

100 BSO PTIO (1G~z)101

10 1 0 0 01 ,0
TIEAFE.-RT %

Figue 4-. Prpagaion ath ntegals or
largeyiel, 20 -km urst

390

IN



Refraction is proportional to the integral of the gradient of electron

density- normal to the propagation path. Generally refraction will not be important

0 for communication problems unless other effects are also important.

The large spatial region that can be affected by high-altitude fireballs
is illustrated in Figure 4-6. This figure shows contours of the electron density

integral 2000 seconds after a large-yield burst at 200 km for propagation paths

between an equatorial, synchronous satellite and the ground.

After a few tens of seconds the fireball ionization becomes structured into

filaments or striations aligned along the geomagnetic field. Propagation through the

structured region results in phase fluctuations if there is relative motion between

the propagation path and the structured region. The rms value of the phase fluctua-

tions (variance) is proportional to the square root of the integral of the mean

electron density squared along the propagation path in the region and is inversely

proportional to the propagation frequency:

S1 [ 2 d 1  (4-5)

The phase variations are also dependent on striation parameters (striation size

distribution, number of striations per unit area, electron density, distribution with-

*in the striations). Figure 4-5 shows the phase variance versus time after burst for

a megaton, 200 km burst that can be used to estimate the phase variance for megaton

bursts detonated between about 150 and 300 km. As for the other integral quantities,

the variance is uncertain by' about a factor of 3 at intermediate times and by a

* larger factor at early and late times.
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After the signal propagates through the striated region, the phase fluc-

tuations produce amplitude fluctuations. In order for the amplitude fluctuations

to become fully developed, the signal must propagate a distance

- 10-f km, (4-6)
maximum (l,o)

where

f = frequency (1lz)

*For typical syrnchronous satellite propagation paths through high-altitude fireballs,

the amilitude fluctuations are fully developed for propagation in the iF and lower

* portion of the UHF bands and can be fully developed well into the SHF band when 0

is large. The amplitude fluctuations can be estimated from

1,A -( M(S) a 2] (4-7)
\AI minimum I N (S) / -

where 105S(ST S)

Sf

*T = distance bct,een transmitter and receiver (kn)

S = distance between receiver and striated region (km)

and n is between 1 and 2 depending on striation parameters.

Propagation through a striated region also produces angle-of-arrival and

time delay fluctuations. Angle-of-arrival fluctuations can cause signal loss if the

angular fluctuations are larger than the antenna beamwidth. Time delay fluctuations

can be of the order of a microsecond and may affect systems requiring accurate time

delay measurements.

In order to determine the effects of amplitude and phase fluctuations on

communication and navigation systems, it is necessary to specify the phase and inten-

sity (power) probability density functions (first-order statistics) and autocorrela-

tion functions (second-order statistics). When the amplitude fluctuations are fully

developed, the signal intensity probability density can be approximated by a Rician

distribution. At closer distances to the striated region non-Rician distributions

may be necessary. The phase probability density is usually described as a zero mean

Gaussian distribution. Exponential and Gaussian distributions have been used for

phase and intensity autocorrelation functions with correlation times approximated

from
1.5 (4-8)
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T7 s (4-9)

wr and arv the phase and intensity co-relation times respectively, and

is the relative velocity (km/s) of the propagation path normal to the striation
axis. Typical velocities vary from about 1 kilometer per second at early times to

a few tenths of a kilometer per second at late times. In recent theoretical work

th, signal statistics are generated by simulating propagation through multiple

phase screens where the phase power density function at each screen is specified.

Also, recent theoretical and experimental work indicate that a power law (f-S)

signal power spectrum should be used to characterize the reasonable worst-case

signal structure.

In addition to uncertainties in the signal statistics, there is considerable

uncertainty in the onset, decay, and spatial dependence of scintillation. The large

spatial region that can be affected by high-altitude fireballs is illustrated in

Fidure 4-7 for the sarno conditions used for Figure 4-6. The contours are the phasc

variance for a 7.5 GHz signal.

In order to illustrate critical link and environmental parameters and illus-

trate the order of magnitude of effects, example results for binary FSK and PSK

sn chronous satellite to ground links are given below.

Figure 4-S shows binary FSK average bit error probability versus the bit

energy-to-noise d'nsity ratio. The curve labeled Slow Rayleigh Fading is for condi-

tions where the amplitude fluctuations are fully developed (generally the case for

Uiii propagation), the phase variance is greater than about 3 radians, and the .rli-

tude fluctuations occur slowly in comparison to the signal bit period (Tb << T where

T is the signal intensity correlation time; see Equation 4-9). For more rapid

fading the fading rate and the normalized FSK tone separation (defined by

n = TbAf , (4-10)

where Lf is the FSK tone separation) are important in determining the bit error rate.

Figure 4-8 shows bit error rates for parametric Values of Tb/TI and a nominal value

of n.

Figure 4-9 shows binary phase shift keying (BPSK) bit error probability

versus the bit energy-to-noise density ratio for the specified phase lock loop (PLL)

parameters. For fast fading the bit error rate is given for parametric values of

TpL /T,, where T'L is the phase lock loop time constant (reciprocal of the phase
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Figure 4-8. FSK average binary error probability
versus mean Eb/NO.

lock ioop bandwidth). For small values of T PLL /T1, the PLL can track the phase van-m

,,

ations and the bit error rate approaches that for amplitude fluctuations only. A,

the value of T L/Tl increases, the bit error rate for a given value of Eb/No

* increases due to PLL tracking errors.* The results shown in Figure 4-9 depend on

assumptions concerning the phase and amplitude autocorrelation functions and on

V other signal processing quantities such as automatic gain control.

The average bit error rates shown in Figures 4-8 and 4-9 can be difficult

to interpret in terms of message error probability. Errors are not uniformly distri-

-y buted in time, tending instead to occur in clumps or bursts with relatively long

periods when the bit error rate is much lower than the average.
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4.3.3 D-Region Absorption

Figure 4-10 shows the one-way vertical absorption due to delayed radiation

as a function of the spread debris parameter defined in Section 1.3.7.2. For the

data in Figure 4-10 to be applicable, the fission debris must be above about 80 km

0 and the propagation path must traverse the D-region beneath the debris.

Values of the parameter w greater than 10-8 MT km-2 s-1 can be produced
over limited regions for a few minutes after burst. For example, the debris hori-

zontal radius for a 4 MT, 80 km burst is about 40 km at 30 seconds after burst.

*Assuming a 50-percent fission yield, the parameter w is

w = 2 1 7 x 10-5 MT km-2 s (4-11)
Tr (40) (30)
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. Figure 4-10. One-way vertical absorption due to delayed radiation.

For a similar burst at 200 km the value of w at bo seconds is about 8 x 10- 8 MT

-C -i

km- s4

For large-yield bursts, the absorption in the VHF band and lowc'" UHF band

car. be several times larger thdn that shown in Figure 4-10 for a few tens of seconds
due to effects of prompt radiation on the neutral species concentrations.

4.4 LINK PERFORMANCE

4.4.1 General

The major parameter determining link performance is the signal-to-noise
ratio, which for digital systems is best described by the bit energy-to-noise den-

ossityh ratio defined by

.¢..E P
-R = 1! T(4-12).N N

' 0 0

• where

ratio hich f received carrier power-to-noise spectral density (s-

00

w B0
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-Nsignal-to-noise ratio

0

B = bandwidth (Hz)

Tb = bit period (reciprocal of data rate) (s)

4, In a nuclear environment the bit energy-to-noise density ratio is primarily affected

by burst-produced absorption and noise. Faraday rotation, refraction, and scatter-

ing can reduce signal levels for linear-polarized narrow beam antennas, but are

generally unimportant for circular-polarized broadbeam antennas used in communica-

tion. Dispersion can reduce signal levels or increase the effective noise by modi-

fying the signal spectrum, but these effects are generally associated with large

signal reductions due to absorption.

The signal time delay caused by burst-produced ionizati , can affect sys-

tems dependent on accurate timing such as navigation systems.

The basic parameter determining scintillation effects is the phase vari-

ance. When the recciv-r is far enough from the striated region that amplitude fluc-

tuations are fully developed, the random signal power can be completely specified

in terms of the phase variance. Otherwise the relative location of transmitter,

striated region, and receiver are also required. Other parameters required in de-

termining scintillation effects are the phase and amplitude correlation times and

autocorrelation functions (see Section 4.3).

4 Communication Links

Performance analyses have been made for line-of-sight links for a variety

of strategic and tactical uses (see Bibliography). Some conclusions from these

analyses are given below:

4.4.2.! Subionospheric LOS Links. Subionospheric (below about 50 km) LOS links

can be degraded if the propagation path traverses fireball or dust cloud regions.

* The major degradation effect is absorption and the duration of significant effects

is a few minutes after burst. Fireball regions are a few kilometers in radius and

rise through their own dimensions in a few tens of seconds. Generally the duration

of degradation is determined by the relative motion of the propagation path and

fireball region.

For near-surface bursts, dust clouds can be produced within the fireball,

within a stem region below the fireball, and in a surface or pedestal region. Dust

cloud absorption increases with propagation frequency and may be important in the

SH and EHF bands. SHF and EHF propagation through dust clouds may also experience

6 persistent scintillation effects.
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4.4.2.2 Transionospheric LOS Links. Transionospheric LOS links can be degraded if

the propagation path is in or close to a fireball region or the P-region is affected

be dela'cd radiation from debris regions.

Debris regions above about 80 km can produce sufficient D-region absorp-

tion to affect VHF and lower UHF propagation for up to a few minutes after burst.

The size of the region affected can vary from a few tens of kilometers (UHF) to a

fe hundreds of kilometers (VHF) in radius.

Burst-produced degradation in and above the upper UHF band is essentially

limited to the fireball region. For bursts below about 80 km, the dominant effect

is absorption and the duration is generally determined by relative motion between

the fireball and propagation path. For higher altitude bursts, phase effects due to

the mean electron density (time delay, dispersion) and due to fluctuations in elec-

tron density (scintillation) can persist long after absorption becomes negligible

(from tens of minutes to perhaps a few hours). Also, high-altitude fireballs are

large and propagation paths may be in or near the fireball for extended periods.

Signal scintillation is likely to be the most widespread and long lasting

propagation effect for high-altitude bursts. The extent of the region producing

scintillation can be hundreds to thousands of kilometers, and effects can persist

for up to several hours or longer. The spatial and time extent of signal scintil-

latioT! fro- natural or nuclear ionization structure decrease with increasi- frc-

quency, with all frequencies up to tens of gigahertz being potentially degraded.

4.4.2.3 Scintillation Effects.* Optimu- modulator-demodulator design may allow

reduction of scintillation degradation due to phase effects so that performance

- approaches that of slow Rayleigh fading. Coherent phase-shift-keyed links in parti-

cular require careful selection of tracking-loop bandwidths to avoid serious degra-

dation due to rapid phase scintillations. Low data rate systems are severely de-

graded when the signal scintillation rate exceeds a fundamental rate characteristic

of the demodulator. For frequency-shift-keyed (FSK) links, the modulation rate is

usually the critical factor. For PSK links the minimum of the phase-tracking-loop

bandwidth or the modulation rate is the limiting factor. Coherent PSK demodulation

should be avoided in slow data rate systems. Either noncoherent FSK or differen-

tially coherent PSK demodulation should be used.

• This summary of scintillation effects was largely taken from a summary by the

Mitigation Techniques Working Group formed during the DNA/LASL High Altitude Nu-
clear Weapons Lffects Summer Study held in August 1978, at Los Alamos, New
Mexico.
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For all links, amplitude fading produces significant reduction in per-

formance even hen fade-rate problems are mitigated. Additional performance gains

from amplitude mitigation are likely to require some forms of coding, interleaving,

message repetition, and increased signal power.

Frequency diversity from frequency hopping can improve the performance of

coded links in frequency-selective scintillation conditions, but optimal demodulator

desigr and tim -diversity techniques should also be used. Use of frequency hopping

as an anti-jam (AJ) technique is generally compatible with anti-scintillation (AS)

mitigation.

Frequency diversity from pseudo-noise (PN) spread spectrum can degrade

link performance in frequency-selective scintillation conditions. Use of PN spread

spectrum for AJ is generally contradictory, to AS protection, and PN systems require

careful evaluation of AJ/AS performance.

Spatial diversity from appropriately spaced antennas and interconnected

receiving system< can offer significant protection against scintillation fading.

. The minimum antenna separation is about 1 km at UHF, decreasing to around 100 m at

EHF.

4.4.2.4 Major Uncertainties. The major uncertainties in predicting transionospheric

LOS link performance are due to uncertainties in predicting fireball geometry and

properties for bursts detonated above about 80 km. Predictions of the late-time

(tens of minutes to hours) fireball mean electron density and temperature distribu-

tions are based on relatively few detailed theoretical calculations. Predictions

of striation parameters (onset time, size distribution, decay) are also based on

Si-'itrc2 expcrirr~ta] and theoretical data. Scintillation predictions at high SHF

and EHF frequencies are more sensitive to uncertainties in nuclear phenomenology

than predictions at lower frequencies.

Predictions of subionospheric LOS links that are affected by dust cloud

regions are uncertain due to uncertainties in modeling the spatial distribution of

dust clouds and imcomplete modeling of scintillation effects.

4.4.3 GPS
L% ,

Studies of GPS location measurement accuracy when one of the four sate]-

lite signals (see Section 1.2.4.3 for description of GPS) propagates through a nu-

clear environment have been made (see Bibliography). Conclusions from these studies

are:

1. Signal time delays and time rate of change in signal time delays due

to the mean electron density along the path can cause severe position

* errors even when the dual frequency correction is used.
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2 -:;'litudc and phase scintillations can destroy velocity information.

3 Ja:.-r.sistant reccivr configuiations with very narrow carrier loop

bandwidths are particularly susceptible to degradation.

4. Recommended nuclear effects mitigation includes: (a) avoidance, and

(b) receiver performance modifications.

Avoidance of nuclear-affected links is possible since from six to eleven

szt.!ijtvs will b visible at any given location, and signals from only four are

required. Procedures for determining when a satellite signal haq been degraded by

nuclear effects have been studied.

Suggested receiver performance modifications include use of limiting and'

changing the order and bandwidth of phase tracking loops.
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SECTION 5

TROPOSCATTER PROPAGATION

5.1 GENERAL

Tropospheric forward-scatter propagation is used for beyond line-of-sight

,Co.,.:cozos wh, -e th. nature of the terrain makes other means of highly reliable

com7:u.nication difficult. lroposcatter links operate in the UHF and SHF bands over

distances of 80 to about 6(% km. Single-link distances of several hundred kilome-

ters are typical, particularly for tactical use. Tandom operation of two or more

links can be used for distances up to several thousand kilometers.

5.2 PROPAGATION IN THE NATURAL ENVIRONMENT

* Figure 5-1 illustrates the geometry of a troposcatter link. Propagatior

froi:, transm:tter to rc.ceivei is via scatter in the common volume in the troposphere.

Sc:itteri, efficiency decreases with increasing altitude of the common volume, and

elevation angles are normally kept as low as intervening terrain permits. For

short links the common volume is between about 1 and 3 km altitude, while for longer

links it 1is bctcv about S and 13 km. The scattering loss in the common volume

rcsults ir. a re-eiced signal that is between 50 and 90 dB below the free-space sig-

nal, depending on frequency and common volume altitude and size.

Propagation in the natural atmosphere is characterized by 20 to 40 dB

signal fade.s du. to muitipath. Multipath interference results from signals bei.;

received from different parts of the scattering volume. Multipath propagation also

% introduces ad;acent-channel interference, which appears as background noise and

places an upper limit on the bandwidth that can be successfully transmitted. For

* high-quality systems, physically large antennas are employed to reduce the beam-

width and thus the size of the scattering volume. Also, space diversity is used by

having two or more spaced receiving antennas.

Received noise is determined by receiver noise, adjacent-channel inter-

ferenc&, or bY interference from other signals.

5.3 PROPAGATION IN A NUCLEAR ENVIRONMENT

* .: Since the troposcatter propagation path is generally below aLout 10 km,

only iow-altitude-burst fireball and dust regions can affect the normal signal.
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-, Figure 5-1. Illustration of troposcatter geometry.

I-I'Llpath signals and thermal noise can result from fireball regions outside of the

normal propagation path, particularly from high-altitude fireball regions (see Fig-

ure 5-1).

A low-altitude burst placed so that the fireball will rise through the

* normal propagation path will attenuate the signal by fireball absorption. Figure

4-1 shows an example of fireball absorption for a 1 MT surface burst. The attenua-

tion can last for a few minutes; however, the duration is generally determined by

- fireball motion carrying the fireball out of the antenna beam.

V Because the normal signal is 50 to 90 dB below a free-space signal, scat-
0

tering from the fireball can produce an interfering signal even when the fireball

is in the antenna side lobes. Generally the signal scattered from low- and inter-

mediate-altitude fireballs is too small to interfere with the normal signal.

0-
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Signals scattered from high-altitude fireballs can cause multipath interference

for a few minutes after burst. D-region absorption will reduce the multipath sig-

nal and may delay the onset of interference.

Fireball thermal noise can increase received noise depending on frequency,

antenna pattern, and fireball properties. Generally, fireball thermal noise is

'U^ negligible in comparison to normal receiver input noise; however, use of very-low-

noise receiving systems would result in significant degradation.

Increased noise levels may result from interference from other sources

(troposcatter links, line-of-sight links, radar) propagated to the receiver via

fireball scattering. For low-altitude fireball *'egions placed so that they are in

the main beam of the interfering signal antenna pattern and in the main beam of

the troposcatter receiver antenna pattern, significant scattering from dust and

from water vapor entrained into the fireball may persist for tens of minutes. The

duration will-be limited by motion of the scattering region, and for less favorable

burst locations interference will be limited to a few tens of seconds.

S5.4 LINK PERFORMANCE

The major sources of potential link degradation are absorption, thermal

: noise, and adjacent-channel interference due to multipath. Link vulnerability

• . studies presented in the DNA Communications System Handbook (summarized in Table

5-1) and recent studies (see Bibliography) indicate that link degradation is likely

to be short lived (tens of seconds) and only result from bursts detonated in a

limited geometrical region.

Scattering and refraction from water vapor and dust may prolong degrada-

tion, but preliminary studies indicate that the degradation could only occur for

special burst and link geometries and is not likely.
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SECTION 6

METEOR BURST AND IONOSCATTER PROPAGATION

6.1 GENERAL

Ionospheric forward-scatter propagation can be used to extend VHF propa-

tion beyond line-of-sight distances. Frequencies between 30 and 150 NIH: are used

for propagation distances up to about 2000 km. While most of the past applications

have been displaced by satellite links, there is continuing interest in beyond line-

of-sight VHF propagation for use in nuclear-disturbed environments.

6.2 PROPAGATION IN THE NATURAL ENVIRONMENT
-% Two basic methods have been used to establish a useful ionospheric scatter

9 propagation path. The ionoscatter link method uses the continuously present but

weak and variable signals scattered from the ionosphere for continuous low-data-rate

transmissions. The meteor burst link method stores the traffic and subsequently

transmits these data at high data rates when the signal can be scattered or reflected

from a meteor trail.

Operation of an ionoscatter link depends on scattering of energy from the

upper Ll- anJ lower F-regions; maximum scatter is believed to occur between 70 and

90 km. The detail scattering mechanisms are uncertain, but scattering appears to

be due to turbulent mixing producing electron density inhomogeneities.

lonoscatter systems typically operate at frequencies significantly above

the maximum usable E- and F-layer reflection frequencies (MUF's) to minimize multi-

path reflections and HF interference. Usually two-frequency operation is preferred;

the 35 Miz range is used for low transmission loss, and the 60 MHz range is used to

avoid multipath interference at times of high solar activity. Operation in the

higher frequency range requires greater transmitter power and possibly reduced

channel capacity as compared to operation in the lower frequency range.

Scattering losses vary from 50 to 100 dB relative to free space depending

on season, time of day, geographic location, antenna pattern, path length, and fre-

quency. Substantial changes in the scattered power can occur from one hour to the

next. Multipath interference due to signals scattered from different parts of the

scattering region result in rapid amplitude fluctuations and limit the maximum data

rate that can be used. Multipath interference also occurs due to scattering from
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meteor trails, E- and F-region ionization, and auroral ionization. Generally space

diversity is used to reduce the effects of amplitude fading. The dominant noise

source is cosmic noise, which results in an equi'.alent antenna temperature of sev-

eral thousand degrees (frequency dependent).

Because of the weak signal strength, rapid signal fading, and frequency-

selective fading, ionoscatter links are most suitable for low-data-rate teleprinter

operation.

Mcteor-burst links depend on propagation via meteor trails (ionized re-

tionsi produced between 80 and 120 km by meteors impinging on the atmosphere. Typi-

cally, several hundred meteor trails per hour are positioned and aligned properly

to allow specular reflection of VHF signals. Many more underdense trails occur

that produce weaker signals via scattering.

In operation a master station continuously transmits a probing signal.

When a slave station receives this signal, it immediately notifies the master sta-

tion using the same meteor trail. Each station can then send and receive traffic

alternite"lv or simultaneously at relatively high data rates.

Meteor-burst propagation provides a unique anti-jam protection when the

jammer is not within line-of-sight of a station. This is due to the low probability

that a meteor trail can support propagation from the jammer to the station and from

the transmitter to the station.

6.3 PROPAGATION IN A NUCLEAR ENVIRONMENT

Ionoscatter and meteor-burst links are susceptible to D-region ausorption

produced by prompt and delayed radiation. Because of the relatively low frequencies

used, absorption can be appreciable. However, since absorption scales inversely as

frequency squared, the magnitude of absorption is much less than for propagation in

the HF hand. Changes in the D-region electron density will also affect the amount

of energy scattered from electron density inhomogeneities. Whether signal enhance-

ment or degradation will occur depends on the link common volume, the location of

the normal and disturbed scattering regions, and the amount of absorption.

Figure 6-1 shows the relevent geometry for a 1500 km ionoscatter link and

the D-region ionization produced by a 30 km burst detonated 250 km from the center

of the link. The bottom. of the common volume is at about 45 km, and the region of

most efficient scattering for undisturbed conditions is between 75 and 90 km. The

burst-produced absorption region reduces the amount of energy propagated between

Sitc I and most of the normal scattering region. If the burst produced more wide-

spread ionization or was located closer to the center of the path, scattering from
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. c.::., vs!ur bel, the ncrmal scatter region could be important in maintainiic

l::1 coru ,e-tiltv when scattering from the normal scatter region was attenuated.

oar Ionger links thL bottom of the cornmon volume will be above the absorption re-

i-- a:.. - <r:. sca:tercJ fro- the bottom of the com.m.on volume will also be attenu-

ated. Meteor-hurst links generally will not have sufficient sensitivity to use

scattering from D-region ionization inhomogeneities and would not recover until

signais could be received from the normal scattering region (90 to 120 km).

Fiure t-' sho s the one-way vertical absorption due to delayed radiation

as a functior: of the spread debris parameter defined in Section 1.3.7.2. For the

"d-- it Figure t-2 to be applicable, the fission debris must be above about 80 km.

The absorption region occurs between about 60 and 80 km altitude beneath the debris.

, For other conditions (lower debris altitudes, locations beyond the debris edge),

absorption is due to gamma rays and is less than shown.
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Figure 6-2 One-way vertical absorption due to delayed radiation.

For txmical ionoscatter and meteor-burst links, the oblique one-way path

* absorption is about 5 times the vertical path absorption (angle of incidence in the

D-region of about 80 degrees). Thus, if the absorption region is large enough to

affect propagation fro- both sites to thc cormcon volume, the total absorption will

be about 10 times the one-way vertical absorption shown in Figure 6-2. For a 20 dR
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ri reocvcr of a 10C Mlz link would no, occur until the spread debris paramc-

t-r was less than about 10
-i N kr.-" s for daytime conditions. As discussed

iT Section 1.3.7.2, this value of w can be produced for several hours over rela-

ti larc re~ions.

Fireball regions in and below the D-region can attenuate and scatter sig-

nals. Generally the size of the fireball is small in comparison to the normal

scattering region, and the fireball ionization decays relatively quickly. Fire-

bails in the E- and F-regions can be large, and scattering of energy in the VHF

band may persist for tens of minutes or longer. Shock waves and acoustic gravity

,aveR ca;2 also affect the nor;n.dl E- and F-regions producing increased scattering.

Quantitative results for high-altitude fireball scatter and E- and F-

region scattering are incomplete, particularly for high latitudes of interest.

Thermal noise from the burst-produced fireball has negligible effect be-

cause ot the high ccsmic noise levels.

6.4 LINK PERFORMANCE

' h: r Ir . - rc of dLgradation to ionoscatter and meteor-burst links is

- .io: prodod by dclayed radiation.. Meteor-burst links and

ionoscatter links that are longer than about 1500 km can be blacked out for periods

of an hour or so for moderate to severe nuclear weapon environments. lonoscatter

links that are less than 1500 km may be able to operate in severe environments be-

causc cf sigral energy scattered from the bottom of the common volume.

Table 6-1 shows outage times calculated for thre- ionoscatter links for

a varietY of weapon environments. The earl)' recovery' of the shorter links is due

to scattering from burst-produced ionization within the common volume. The long

duration outage for the 2000 km link occurs because the bottom of the common volume

is above the burst-produced absorption region. Revisions to atmospheric chemistry

models since Table 6-1 was prepared would reduce the predicted maximum duration of

outage to a few bo:s

Multipath signals from high-altitude fireballs and ionized portions of

the E- and F-regions affected by irompt energy deposition and traveling disturbances

may require use of reduced bandwidths.

W
60 Pages 61 & 62 removed.
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GENERAL EFFECTS OF NUCLEAR WEAPONS AND SUMMARY DESCRIPTIONSOF WEAPON EFFECTS ON COMMUNICATION SYSTEMS

HANDBOOKS

U.S. Departments of Defense and Energy, The Effects of Nuclear Weapons, Third Edi-
tion, S. Glasstone and P.J. Dolan (ed), U.S. Government Printing Office, 1977.

This book presents an unclassified comprehensive summary of information
concerning nuclear weapon effects. In addition to chapters on air blast, ground
and water shock, thermal and nuclear radiations, and their effects on man and
materials, there are chapters on radio and radar effects.

DNA 3499H (AD AOIO 228), Aids for the Study of Electromagnetic Blackout, W.S. Knapp
and K. Schwartz, GE74TMP-33, General Electric-TEMPO, February 1975.

This unclassified report is a compendium of selected graphs, charts,
equations, and relations useful in the analysis of electromagnetic blackout

S. caused by nuclear explosions. It is assumed that the user is familiar with
material presented in DNA 3380H.

DNA 3380H-1 (AD 532 188), Electromagnetic Blackout Handbook Volume 1 - Intro-
* duction to Nuclear Weapon Effects, Weapon Outputs, and Phenomenology of Heated

Recions (U). W.S. Knapp, et al, GE74TMP-3, General Electric-TEMPO, September
1974

.+?
DNA 3380H-2 (AD COOO 208), Electromagnetic Blackout Handbook Volume 2 -

Atmosphertc Ionization and Electromagnetic Propagation Effects W.S. Knapp,
et al, GE74TMP-3, General Electric-TEMPO, September 1974

DNA 3380H-3 (AD COOO 218), Electromagnetic Blackout Handbook Volume 3 - Ap en-
dixes , W.S. Knapp, et al, General Electric-TEMPO, September 1974

The Electromagentic Blackout Handbook provides an introduction to nuclear
weapon effects on electromagnetic propagation (excluding EMP and TREE effects)

- and detailed descriptions of specific weapon and atmospheric phenomena of
interest. Introductory material is similar to that presented in The Effects
of Nuclear Weapons, DNA EM1, and AFSCM 500-9. Quantitative scaling relations
and detailed descriptions of weapon phenomenology and atmospheric effects re-

* lated to electromagnetic propagation are based on more recent studies and in
%, general are more comprehensive than the other documents.

.% DNA EMI (AD 526 125, AD 526 126), Capabilities of Nuclear Weapons P.O. Dolan
(ed). Parts I and 2, Defense Nuclear Agency, July 1972

• This two-volume document presents a classified comprehensive summary of
information concerning nuclear weapon effects and provides the source material
and rcferences used for preparation of operational and employment manuals by
the Military Services.
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REPORTS

CCTC TP 20-77, e'. - 7.:, , r , Defense Communication
Agency, February 1977

The FY 1979-1988 MEECN Master Plan (]14P) updates the status of the MEFCN
in light of 0SD'JCS decisions and actions since publication of the preceding
FY 19-7-1986 MMP. It reports on the updated "Concept of Operations for the
MLLCN" and on efforts of the CINCs, Services, and other DOD Activities to im-
prove network performance. It also presents an assessment of the performance
of the current and programmed MEECN in the post-attack period when the DIA
"best-estimate" threat is applied. Moreover, the performance of the Advanced
MELCN is assessed primarily for the post-attack period, complemented by a
limited number of initial trans-attack analysis results. The contributions of
the soft ELF (SEAFARER) system, various SIOP communication systems, and other
candidate systems are determined.

DNA 4364F (AD C013 886), Parametric Sensitivity Analysis of Nuclear Phenomenooc:
M.H. McGill, Systems Control, Inc., January 1977

An analysis of the effects of uncertainties in nuclear phenomenology
models on MFECN performance.

DNA 3778 (AD 024 956), A' Ov'crzie: Dis escin of Prcrotion ees '

En:'ronrnents on VZF-LF Consn"cation S~stema, C. Grain, The RAND Corporatiun,
August 1975.

An overview of how nuclear environments can degrade normal communications
capability and the consequences of remaining uncertainties in predicting degra-
dation under worst-case conditions.

HD2-CR-75-016-1 (AD C002 803), Ac: Th,.ter Ar7_1 C Pr_.

in a Nuolear Envirounent J.D. lilgen, GE75TMP-17, General Electr-c-TEMPO,
July 1975

The effects of rudimentary nuclear scenarios on representative Theater
Arm, Communication Links are determined. Link parameters are defined using
various communication concepts defined by INTACS. Nuclear burst parameters
arc chosen to provide illustrative time duration and magnitude of effects.
Only propagation effects due to atmospheric and ionospheric disturbances are
considered. The data are intended to identify potential problem areas and
provide guidance for performing more detailed analyses. Recommendations for
future analysis are provided.

DNA 33n1T (AD 529 694), An Overview of HF Co= maications in a N~ucZear Envirorvr': -

E.J. Bauman, G.H. Smith, D.L. Neilson, W.E. Jaye, SRI Project 2511,
,Ldnford Research Institute, March 1974

A brief review and comment on the utility of HF propagation in a nuclear
0 environment. Defines regions where predictions can be made with confidence.
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*: EFFECTS OF NUCLEAR WEAPONS ON ELF,
VLF, AND LF COMMUNICATION SYSTEMS

HANDBOOKS

DASA 1954-1 (AD 389 214L), Nljear F e te on VLF an2 LF Co'r'mnication Sz'ste-.
Se".,-c-c: Exar,es, Defense Atomic Support Agency, June 1968

... DASA 1954-2 (AD 394 550L), Nuolear Effccts on VLF and LF Conmmu;-cation Szjsterrs
3enerr. Frediotin Techniques, Defense Atomic Support Agency, September 1968

1% This handbook is published in two parts that describe the effects of
nuclear bursts on the propagation of very low frequency (VLF) and low frequency
(LF) communication systems.

The examples presented in DASA 1954-1 illustrate the approximate duration
and extent over wh -1 typical systems may experience difficulty. In addition
to specific results, a brief tutorial description of the effects of nuclear
bursts on radio wave propagation and VLF and LF propagation in natural environ-
ments is given.

P) ASA 197A--2 presents techniques for modeling a relatively wide range of
nuclear situations and for predicting how these situations would degrade LF
ana VLF com~uni cation system performance. DASA 1954-1 and DASA 1954-2 provide
a basic understanding of nuclear phenomenology and its interrelations with L-
and VLF propagation.

REPORTS

DNA 4440F (AD COl5 834), Dependence of ELF!VLF System Performance on Atmospheric
_ E.C. Field, PSR-713, Pacific-Sierra Research Corp., r,.cember

1977

An analysis of the effects of uncertainties in effective reaction rate
coefficients and ion-neutral collision frequency on ELF/VLF propagation.

AFWL-TR-76-273 (AD C009 770L), CICA c -'Urnmaoc n a N.2 ear Enrironret T.M.
Hardbeck and J.M. Kamm, Air Force Weapons Laboratory (DYC), April 1977

This report considers propagation of a highly formatted message from the

Strategic Air Command (SAC) transmitter at Silver Creek, Nebraska. Signal-to-
noise ratios are calculated for the full wave in a ambient environment and the
environment created by a single high-altitude nuclear detonation and for the
ground wave only. From these values, message error probabilities and the prob-
ability of receiving a complete message which meets stringent acceptability
criteria are calculated.

AFWL-TR-76-72 (AD C008 118L), "--Corrunicct-on S:ster'°s P r
Blackout Analysis for Airborne VLF and LF Transmissions D.G. Morfitt,
Naval Electronics Laboratory Center, September 1976

This report is the third of a series which presents propagation analyses
of the airborne 487L and 616A systems in both normal and nuclear-disturbed
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environments (see AFWL-TR-53-lS and AFWL-TR-2T7). This report examines the
propagation of signals from the SACABNCP (SAC Airborne Command Post) and NEACP
National Emergency Airborne Command Post) through a nuclear-disturbed environ-

ment as created by the RISOP (Red Integrated Strategic Operations Plan) 72
Sierra weapon la*vdow-n. Signal-to-noise ratios and standard deviations are de-
termined and related to the character error rate. Noise levels and their cor-
responding standard deviations are also given so that CER probabilities can be
calculated for any' mode.

NRL 8017 (AD B013 384L), Ver? Low Frequency (VLF) Propagation Predictions for Dis-
b Cu,;i~ona, F.J. Kelley, et al , Naval Research Laboratory, July 1976.

A comparison of theoretical VLF attenuation rate predictions for a nuclear-
disturbed ionosphere shows that the Naval Electronics Laboratory Center (NELC)
waveguide program and the GE-TEMPO WEDCOM program agree very well in the calcu-
lation of the first-order transverse magnetic (TM) mode attenuation rates. The
agreement for the second-order TM-mode attenuation rates is not as close, but
t!n- diffvru;,ccs ar- not very significant for practical predictions.

Between 10 and 25 kHz, for a 4-Mm path length, the cumulative attenuation
of the transverse electric (TL) mode signal is greater than that of the TM-mode

0 signal by at least 45 dB under the disturbed condition assumed in the present
calculation. In addition, the horizontally polarized TF mode waves are more
attenuated than the TM-mode wave under the normal condition.

DNA 3778 (AD 024 956), An Overview Discussion of Propaaation Effects of NucZear
v; Counicaion Systems, C. Crain, The RAND Corporation,

August 1975.

An overview of how nuclear environments can degrade normal communications
capaailit an2 thc consequences of remaining uncertainties in predicting degra-
dation under worst-case conditions.

AFWL-TR-74-277 (AD C004 076L), 616A BEackout Anaysis for Airborne Transm'ss:ons
LD.G. Morfitt, Naval Electronics Laboratory Center, November 1975

The 616A Survivable Low Frequency Communications System is designed to
* transmit essential messages from national command authorities. This study ex-

a,.,ines the. propagation of signals fro. the airborne command posts SACABNCP
(SAC Airborne Command Post) and NEACP (National Emergency Airborne Command
Post) through a nuclear-disturbed environment as created by the RISOP (Red In-

* tegrated Strategic Operations Plan) 72 Sierra weapon laydown. Signal strengths
are calculated at SACABNCP for 44.0-kH: transmissions from NEACP and at NEACP
for 39.2-kH: transmissions from SACABNCP. Calculations are also made for trans-
missions from SACABNCP to the Malmstrom Air Force Base Minuteman site, to
Hickam Air Force Base in Hawaii, and to the-Green Pine sites at Point Barrow,

-., Alaska, and Thule, Greenland. Signal-to-noise ratios are determined and re-
lated to thu character error rate (CERj. Probabilities of achieving various

, values of CER are computed.

DNA 3739F (AD C005 128), ELF anl VLF Cormunications in Nuclear Environments
E.C. Field and M.A. Dore, PSR 505, Pacific-Sierra Research Corporation, July

. 1975
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This report presents calculated phase and amplitude time histories for

generic nuclear environments and discusses the results in terms of communica-
tion system performance.

NESC PME-117 (AD C002 772), Propagation of ELF Waves (45 an, 75 Hz) in a Nuclear
,'-- W.F. Moler and L.R. Shockey, NELC TR 1953, Naval Electronics

Laboratory Center, June 1975

This report, prepared for Naval Electronics System Command, gives bounds
on expected path losses and phase changes in nuclear environments.

AFWL-TR-73-185 (AD 528 186L), 467L backca; Ana7sis fcr Airborne T sr s" o
D.G. Morfitt, et al, Naval Electronics Laboratory Center, December 1973

The 48-L Survivable Low Frequency Communications System is designed to
transmit essential messages from national command authorities, the commanders-
in-chief of various strategic forces, or their alternates. This report examines
the propagation of signals from the airborne command posts Looking Glass (SAC
Airbcrn. Cormmand Post) and NLiCP National Emergency Airborne Command Post)
through a nuclear-disturbed environment as created by the RISOP (Red Integrated
Strategic Operations Plan) 72 Sierra weapon laydown.

Signal strengths are calculated at Looking Glass for 44.0-kHz transmissions
from NEACP and at NEACP for 39.2-kHz transmissions from Looking Glass. Calcu-
lations are also made for transmissions from Looking Glass to the Malmstrom
Air Force Base Minuteman site and to the Green Pine sites at Point Barrow,
Alaska, and Thule, Greenland. Signal-to-noise ratios are determined and re-
lated to the character error rate (CER). Probabilities of achieving various
values of CER are computed.

EFFECTS OF NUCLEAR WEAPONS ON
HF COMMUNICATION SYSTEMS

HANDBOOKS

DASA 1955-1 (AD 389 214L), Nuclear Effects on HF Communication Systems , Selected
Ex=r.,es, Defense Atomic Support Agency, October 1967

DASA 1955-2 (AD 393 462L), Nuclear Effects on HF Communication Sustems General
Preaiction Techniques, Defense Atomic Support Agency, April 1968

This handbook is published in two parts that describe propagation effects

of nuclear bursts on high-frequency communication systems.

The examples presented in DASA 1955-1 illustrate the approximate duration
and extent over which typical systems may experience difficulty. In addition
to specific results, a brief tutorial description of the effects of nuclear
bursts on radio wave propagation and HF propagation in natural environments is
given.

DASA 195S-' presents techniques for modeling a relatively wide range of
nuclear situations and for predicting how these situations would degrade HF
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,, conunication syster performance. DASA 1955-1 and DASA 1955-2 provide a basicof nuclear phenomenology and its interrelation with HF propa:.-

tion.

REPORTS

GE77TN!P-16 (AD CO!" 407L), '"d " " .. - - ..
R.J. Jordano, et al, General Electric-TEMPO, January 1978

This study evaluates the sensitivity of HF communication system perform-
ance to variations in atmospheric parameters in order to establish require-
mcnts for ne-, or more accurate atmospheric measurements.

DNA 435T-1 (AD C015 994), inteorovei Nu2Zear Conmanications Assessmen+ (INA);
- ;.--.. -r - - ':r c Er_. 'r" -12 S.L.

Gutsche, Mission Research Corp., December 1977

This report describes the second phase of an NIRC effort in support of the

Integrated Nuclear Comm:iunications Assessment (INCA1 Program. Information is

presented regarding an assessment of the performance of certain links of the
* Cemetery Net Communication system in a nuclear environment produced by air

CCTC TP-ll-76 (AD C006 494L), Advanced ,-TECNI High Frequency Conrunication Sister,
; - -icy: G.B. Westmore and J.M. Kelso, lIT Avionics Division,

Electro-Physics Laboratories, March 1976

Describes NILLCN requirements, HF propagation in undisturbed and disturbed
c''.', ironments, and a description of an advanced high-frequency system.

DNA 3905F (AD C009 327), T -Z I tud. of tkn Ell- t of a yz -7 C
-.- -n o. ti-}er''inc o' .',! S'srems .G. DeDD. et al, Stanford

Pesearch Institute, December 1975

ligh-frequency propagation under tactical nuclear conditions is described.
The weapon effects on skvwave propagation, both long and short range, and on
croundwave propagation are discussed. Particular emphasis is placed on CMVf-
-L.k NET propagation. Effects are also described for Nike-Hercules anti-
aircraft nuclear detonations at maximum altitude and maximum yield and for
high-altitude detonations above 50 km.

GE75TMP-16 (AD C003 590L), _,o6 2- -, n o= ' B. Gambill
Jr., General Electric-TEMPO, October 1975

A semigraphical, semianalytic procedure is described and used to define
an anticonrunications link attack. Nuclear burst yield, altitude, and timt

* are determined to maximize the effects on specified LF and HF propagation links.
r Ar example attack generated by the procedure is given, and the results achieved

by the attack are computed and discussed.
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DNA 3802F (AD COOS 992), F ac o : in: Eihi. Disturboi En:'iromnent S.L.
Gutsche and D.H. Sowle, MRC-R-187, Mission Research Corporation, September
1975

A study is made of the absorption of HF communications signals in the
nuclear environment caused by a mass attack on the United States. The effects
of meteorological conditions, particularly wind profiles, on the outage times
are observed. Average communications link reconstitution times, sensitivity
of the result to time of day of the attack, effects of debris stabilization
altitudes, and seasonal dependences are examined for 12 specific links of
interest.

DNA 3798T (AD C006 002), Adaptable HF Cormunication Systems for Use in a Nuclear
T.W. Washburn and G.H. Smith, SRI Project 2511, Stanford

Research Institute, September 1975

This report describes a number of techniques for improving the perform-
ance of HF communication systems in a nuclear environment.

NOLTR74-36 (AD 531 028L), Shipboard Hiah-Freque;.-y Radio Communication Blackout
.esaltino from Hiah-Altitude Nuclear Bursts L.R. Herschel and L.F. Lebelo,
Naval Ordnance Laboratory, June 1974

This report considers the phenomenology and effects of a nuclear multi-
burst situation on ship-to-ship HF communications as determined from NUCOM
code results. The multiburst situation discussed arises from the defensive
use of nuclear weapons against ballistic missile reentry where several multi-
megaton weapons are detonated in a short time. The resulting HF communication
degradation is severe with possible "outages" (depending upon propagation path,
frequency, and distance from burst) of long duration. Also discussed in this
report are oUtages and processing delays under "normal" conditions of iono-
spheric propagation.

DNA 3301T (AD C> 694), An Overview of HF Communications in a Nuclear Environment
E.J. Bauman, G.H. Smith, D.L. Neilson, W.E. Jaye., SRI Project 2511,

Stanford Research Institute, March 1974

A brief review and comment on the utility of HF propagation in a nuclear
environment. Defines regions where predictions can be made with confidence.

AFWL-TR-73-249 (AD 529 354L), High-Frequency Propagacion in a Disturbed Environ-
e n , IJ.M. Kamm, Jr., and M.W. Sharp, Air Force Weapons Laboratory,
February 1974

A general study of HF performance in single-burst nuclear environments.
Propagation paths from 950 to 6000 km and frequencies between 2 and 30 NHz
are evaluated for times after burst from 5 minutes to 12 hours.

EFFECTS OF NUCLEAR WEAPONS ON
LINE-OF-SIGHT SYSTEMS

HANDBOOKS

DNA 3185H-1, 3185H-2 (AD 529 716, AD 529 717), Conmmunication Satellite Systems
Vulnerabi;i to Nucear Effects-Selected Exarqles by Frequenc: Band
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two volumes, J.M. Marshall, V.L. Hower. and J.A. Rnberts. F t-TM 395, ESL,
Inc., August 1973

This two-volume document updates and replaces much of the material in
DASA 195b-i relating to satellite systems.

DASA 1956-1 (AD 390 254L), NucZear Effects on Satellite and Scatter CouMnicat£,*-
s~c-cs oe~,ec d Exams les. Defense Atomic Support Agency, October 1967

DASA 1956-2 (AD 394 007L, AD 3 Q5 197L), ? ocr E ts o: SctelZite and S : r
I,: io tior S-,stems Volume 1: General Prediction Techniques for ScteZ-
i S~s.ems, July 1968; Vol ume 2: General Prediction Technioues for Scatr
":.-', October 1968, Defense Atomic Support Agency

This handbook contains two parts. Part 1 (DASA 1956-1) describes the
Sre t effects of selected nuclear bursts on satellite and scatter co.-

munication systems. The examples illustrate the approximate duration and ex-
tent over which typical systems may experience difficulty. In addition to
specific results, a brief tutorial descriptions of the effects of nuclear
bursts on radio wave propagation in natural environments is given.

Part 2 (DASA 195b-2), consisting of two volumes, describes the effects of
,1 nuclear bursts on the propagation of satellite communication systems (Volume 1)
,.4 ,z ai tru&ou cattc.r and ionoscatter communication systems (Volume 2j. lechniques

to model a relatively wide range of nuclear situations and to predict how
these situations would degrade the communication systems performance are pre-
sented. These volumes provide a basic understanding of nuclear phenomenology
and its interrelation with troposcatter propagation and propagation to
satellites.

REPORTS

DNA 4736P-1, SaC'ie Nuclear Mitigation Techniques Volume I - Sw.,'-arI
from DNA/LASL High Altitude Nuclear Weapons Effects Swrreer Stud:, (U), L.A.
Wittwer and R.L. Bogusch, Defense Nuclear Agency, November 1978

The Defense Nuclear Agency and the Los Alamos Scientific Laboratory
jointly sponsored a summer study on high-altitude nuclear weapons effects.
One of the working groups formed during the study addressed issues concerned

S~with satellite link survivability in nuclear environments. This report is a
brief summary of the report of the Mitigation Techniques Working Group.

DNA 4576T, Phese Coherent Demoulation of SateZlite Links Through a Nuclear Dis-
" turbed Channe& , R. Ibaraki, et al, ESLTM957, ESL Incorporated, February

1978

Satellite communication links using binary phase-shift-keying modulation
may suffer severe performance degradation in the nuclear environment. The
performance of both CPSK and DPSK demodulators is assessed by simulating the
operation of generic receiver models with phase modulated signals that have
been corrupted by a simulated nuclear env7r'-ment.
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DNA 4579T, .o'SsA.- G''obil Pcsonino7 Szster Errors in a Frequenc? - Selectivc
Faz".. . a ~r E'c:'ro*cnt , E. Tsui, et al, ESL-TM933, ESL Incorporated,
February 1978

This report addresses the pcrformance of the Magnavox "X-set" receiver
code and various carrier loop configurations for a satellite link occluded by
plasma striations resulting from a high-altitude nuclear exchange. A power-
law fading nuclear channel was modeled and an efficient PN code correlation
simulator was developed to determine the effects of a time-varying frequency-
selective channel on code loop performance. The important fading channel
effects impacting navigation system performance are found to be signal ampli-
tude, phase, and time delay fluctuations.

DNA 4578T, Frozaozation Effects on DSCS II Links , R.L. Bogusch, et al. RC-R-333,
Mission Research Corporation, December 1977

This report describes the results of the first phase of an investigation
of the effects of propagation disturbances on DSCS II links in a nuclear en-
vironment. Objectives of this work are to determine the potential significance
of signal disturbances on DSCS II performance and to identif" methods of re-
ducing the effects of propagation disturbances.

* AFWL-TR-77-49 (AD C012 379L), The Performance of AFSATCOM I Narrowband in ScintiZ-
L.A. Wittwer, Air Force Weapons Lab, September 1977

1'- pr - : cf thc AFSATCQ> I narrowbaid model is calculated for
strongly scintillated environments. The performance is in terms of message

- -. reception probabilities which, in turn, determine overall mission success.

DNA 4353T-IC (AD C015 217), TransatZantic SateZlite Link SurvivabiZity - Propagation
t - , R. Ibaraki and J. Marshall, ESLTM875, ESL Incorporated,

August 1977

This report examines the survivability of specific transatlantic satellite
links via the DSCS-ll, NATO-IIIA, and INTELSAT IV-A satellites.

RDA-TR-106507-O01, Nucear Effects VulnerabiZitu of Future MILSATCOM Links
R&D Associates, June 1977

This document contains the proceedings of a two-day workshop on the
Nuclear Effects Vulnerability of Future MILSATCOM Links. The workshop, held

* in May 1977, was organized by the Office of the Assistant Secretary of Defense
, for Command, Control, Communications and Intelligence with the following objec-

tives: (1) to review the architectural framework within which future MILSATCOM
systems may evolve; (2) to identify the significant sources of uncertainties
in nuclear performance predictions at frequencies in and above the military
UHF band that may directly impact MILSATCOM policy; (3) to make a prognosis
concerning the possibility of reducin, nuclear effects by changing system param-

"* eters to cope with known effects and/or changing system concepts to remove

dominant effects and avoid model uncertainties.

This document contains a summary of key workshop conclusions in addition
to the 13 papers presented at the workshop by invited speakers.
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DNI 4259-T (AD C012 425), The iof1 - Posi:ioni'a S7.o+" Naviaation Rccicr '.
a': i>. a N'2car Env'ronrt , E. Tsui, et al, ESL-TM737, ESL Incorporated,
November 1976

% An analysis of the GPS navigation receiver performance in a nuclear en-
vironment is presented. Emphasis is on providing a framework for understanding
the impact of the nuclear environment on the GPS system navigation performance.

AFWL-TR-76-26 (AD C008 701L), A Dcza:ei Si .ation o ?!essa CoC-.,i.. .
a Specific SATCOM Link Under Disturbed Conditions , R.L. Bogusch and R.W.
Hendrick, CSC-72M-196, Computer Sciences Corporation, November 1976

The effect of propagation disturbances on the ability to communicate in-
formation over a specific satellite communications link has been investigated
in de-tail.

DNA 4158T (AD C012 653), On Frequenc-Hoppina with Coding as a Nuclear Environment
"- .- T~;L : for SaKiv Links , R.W. Ruky, et al, ES2TM773, ESL

Incorporated, October 1976

This report presents results of an initial effort to categorize the
radomization effectiveness of frequency-hopped M-ary FSK modulation techniques

* when the channel exhibits frequency selective fading.

AFWL-TR-76-25-3 (AD C008 700L), EPe + c Prmoat.xm '
SatE'Ziite Con=rnnications Link, Vol III: Calculation of Link Performance
R.L. Bogusch, MRC-R-156. ComDuter Sciences Corporation, November 1976

The first-order analysis of nuclear effects on communications - gnal propa-
gation has been performed for a link involving a specific satellite and two
airborne terminals. For this preliminary analysis, a specific link and mode
of operation were selected for detailed investigation in a few nuclear detona-
tion scenarios. The analysis consists of three primary areas of investigation:
response of the communications receiver hardware to degraded signals, predic-
tion of signal propagation disturbances in a nuclear environment, and detailed
calculation of system performance in spec-ific environments.

, AF',iL-TR-76-25-2 (AD B014 863L), Effects of Propagation: Disturbances o? Z .'f.
-,'% SateZZite Comunication Link, Vol II: Models of Propagation Disturbances,

R.L. Bogusch, MRC-R-156, Computer Sciences Corporation, October 1976.

AFWL-TR-76-25-1 (AD B014 862), Effects of Propagation Disturbances on a Srecific
Sate lKte Communications Link, Vol I: Analysis of Hardware Response, R.L.
Bogusch, MRC-R-156, Computer Sciences Corporation, October 1976.

GE76TMP-52 (AD C009 788), SatelZite and Rocket Sz.stem Performance Anal:sca
* R.R. Rutherford and B. Gambill, General Electric-TEMPO, October 1976

An estimate is provided of nuclear weapon expenditures required to block
the transmission of the EAM message from the National Emergency Airborne Com-
mand Post (NEACP) via several satellite systems and the Emergency Rocket
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Communication System (ERCS). The satellite systems considered were AFSATCOM
and SlS at UHF frequencies and LES 8 at K-band. Required performance, EAM
message format, nuclear weapon effects, and modeling are discussed.

AFWL-TR-76-46 (AD B014 937L), Propagation Effects on SateZZite Systems: A Brief
0 S:a: Eccr:, R.L. Bogusch, II/3-M-003, Computer Sciences Corporation,
September 1976.

This report reviews the current state of knowledge and uncertainties in
the area of nuclear detonation-induced ionospheric disturbances which affect
uplink/do,nlink radio propagation for satellites. The treatment is primarily
qualitative. Conclusions with regard to the relative importance of absorption
and scintillation type effects are drawn. Recent progress and planned future
efforts are described.

DNA 4011T-C-l (AD C010 704), PACOI Satellite Link Vulnerability Sunl7ary for Project
1:71Z , J.M. Marshall and V.L. Mower, ESL-TM-756, ESL Incorporated, August

1976
~i°

DNA 4011T-C-2 (AD COll 058), DSCS Link Vulnerability for Project APACHE . V.L.
Mower, et al, ESL-TM-753, ESL Incorporated, August 1976 .

SDA 4011 T-C-3 (AD C 0 1 581), F, .... SA7CCM LiU' Vn Zner2Zi 'Ar t:. Z s's for P2',r 
-

ct

AFAHiE ( , V.L. Mower and J.M. Marshall, ESL-T7-751, ESL Incorporated, August
1976

DNA 401IT-C-4 (AD COll 582), IJVTELSAT Link Vulnerability Analyses for Project APACHE
, V.L. Mower and J.M. Marshall, GSC-TM-572, ESL Incorporated, August 1976

r ? As part of the DNA APACHE program, an analysis of the propagation path
- ~. performance of the various operational and near-operational satellite communi-

cation links in the Pacific Theater has been undertaken for the APACHE nuclear
scenario. The approach used in making the vulnerability assessment is to
:cscribL the link performance degradation both geographically and temporally

on a map of the Pacific Theater. In additior; the performance of selected DCA
links is simulated, showing typical received messages. Results presented in
Volumes 2, 3, and 4 are summarized in Volume 1.

DNA 4106F (AD C009 542), Selected Satellite Link Performance in a Nuclear Environ-
* rer.. , B. Adams, et al, Computer Sciences Corporation, August 1976

The performance of selected links of AFSATCOM II, DSCS III, and GPS has
been parametrically derived for a fading (scintillation) environment such as
may be encountered following high-altitude nuclear bursts.

AFWL-TR-75-89 (AD C004 780), N-ear Effects on Ultra High Frequenca Provapa',"
• for AFWL Co=',7nJ and Control Communications (C') Alternative Concepts

C.H. Humphrey, et al, Research and Development Associates, January 1976

An examination of various alternative means of communication which could
be used to strengthen certain existing critical Air Force communication systems
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Xe,- c,hse vulnerability is difficult to accurately assess and/or whose equipment
is technically or economically unfeasible to harden. Alternative systems
considered include large rocket repeater, small rocket repeater, rocket-launched
balloons, aircraft-dropped balloons, and aircraft-launched drones.

ESL-TM642 (AD C004 554), AA4,YCF Link S'uvivabi'it:' Anaiases - DSCS , V. Mower.
et al, ESL Incorporated, September 1975 (

This report presents an evaluation of the effects of signal scintillations
on communication links through the DSCS satellite at the East Pacific location
to the AABNCP resulting from two single-burst, high-altitude nuclear scenarios.

ESL-TM-640 (AD C004 547), ....Link SuvivaZita An....ses.
R. Kirby, et al, ESL Incorporated, September 1975

This report presents an evaluation of signal scintillation on the proposed
LES-8 and LES-9 report-back link in three high-altitude nuclear scenarios.

ESL-TM639 (AD C004 553), AABNP? Link SurvivabiZity AnaZyses - AFSATCOM (Phase I)
, ESL Incorporated, September 1975

This report presents an evaluation of the effects of signal scintilla-
* tions on communications links from the AFSATCOM (Phase I) satellites to the

.-- o\BXC in three higi-altitudc nuclear scenarios.

ESL-TM616 (AD C004 552), AABNCP Link 6urv;ivabiict Ana- yses - DSF Down--ink an'J. 'na:} M:! . V. Mower, et al, ESL Incorporated, August 1975

This report presents an evaluation of the effects of amplitude and phase
scintillations on communication links from the DSP satellites to the .ABNCP
resulting from a set of three high-altitude nuclear scenarios.

DNA 3825F (AD C007 979), IN:A Propatiorn Path Effects Assessment for SateZlite
, 7rzn c ........... -. ' 'cr th.c _-. Theater J), . Marshall, et

al, ESL-TM633, ESL Incorporated, August 1975

This report addresses propagation path disturbances produced by tactical
nuclear weapons that may affect satellite and troposcatter communication sys-
tems. As part of the INCA program sponsored by DNA, the emphasis is on a pre-

.e liminary assessment of the propagation path disturbances that may arise from
the limited nuclear exchanges described by the Europe I and II scenarios.

0
DNA 3632T-1 (AD C004 994), ESfa II Perfsrmancc in a NucZear Burst Propagation En-

vircnmenz ; , B. Adams, et al, Computer Sciences Corporation, May 1975

* DNA 3632T-2 (AD B009 764L), DSCS II Performance in a NucZear Burst Propagation En-
B. Adams, et al, Computer Sciences Corporation, May 1975.

The performance of the Defense Satellite CommunicatirLs System Phase II

'.WSCS II) when the propagation medium is disturbed by nuclear detonations has
been considered. Specifically, performance measures have been obtained for
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particular modems to be utilized in the planned digital phase shift keying
(PSK) DSCS II. Both binary and quaternary PSK (BPSK and QPSK) modes were
considered for coded and uncoded transmissions.

DNA 3529T (AD C002 372), Noncoherent PSK Satellite Cormnication Systems in a
.,m ' "C wronrc' V.L. Mower, et al, ESL-TM 504, ESL Incorporated,
September 1974 (

This report describes nuclear weapon effects on differentially-coherent
phase-shift-keying (DPSK) and noncoherent M-ary direct sequence spread-spectruz.
phase-shift keying (PN-NCPSK) satellite communication links. The effects of
random phase scintillation, ionosphere signal dispersion, and random signal
fading are considered.

DNA 3322T (AD 530 547L), A Com, .' c.f Contlempcrar. C cantic: an . .
Satelite Systems and Scintillation Observations J. Roberts, J.M. Marshall,
and R.K. Stevens, ESL-TM 431, ESL Incorporated, January 1974

This report summarizes communication and navigation satellite system pa-

rameters with emphasis on those parameters which, together with the character-
istics of the propagation medium, determine communication link performance.
A summary of scintillation observations presented in DNA 3258T is also given.

DNA 3258T (AL 530 416), A Re- ea of Saete SieZa Sn abn -

ani Researck R.K. Stevens, ESL-TM-421, ESL Incorporated, November 1973.

This report summarizes research concerning ionospheric scintillations in
the natural environment. Sections describing scintillation effects, scintilla-
tion research, global occurrences of ionospheric scintillation and its corre-
lation with other measurable geophysical parameters, current calculation models,
and theoretical work on physical processes resulting in inhomogeneities are
presented.

DNA 3289T (AD 530 531L), PSK Satellite Cormnunications Systems in a NucZear Environ-
ment J. Roberts, et al, ESL-TM 391, ESL Incorporated, October 1973

This report describes nuclear weapon effects on Phase Shift Keying (PSK)
satellite communication links and provides many of the supporting analyses
for results presented in DNA 3185H.

EFFECTS OF NUCLEAR WEAPONS ON SCATTER SYSTEMS

HANDBOOKS

DASA 1956-1 (AD 390 254L), ;aclear Effects on Satellite and Scatter Cort.ication
Syste"s SeZected Examles, Defense Atomic Support Agency, October 1967

DASA 1956-2 (AD 394 007L, AD 395 197L), Nuclear Effects on Satellite and Scatter
Corrrnication Systems (U), Volume 1: General Prediction Techniques for Satel-
lite Systems, July 1968; Volume 2: General Prediction Techniques for Scatter
Systems, October 1968, Defense Atomic Support Agency

76

Lk 76)aov



%, This handbook contains two parts. Part 1 (DASA 1956-1) describes the

proriiaation effects of selected nuclear bursts on satellite and scatter co1a-
r". unication systems. The examples illustrate the approximate duration and
extent over which typical systems may experience difficulty'. In addition to
specific results, a brief tutorial description of the effects of nuclear

bursts on radio wave propagation in natural environments is given.

- Part 2 (WASA 1956-2) consisting of two volumes, describes the effects of

nuclear bursts on the propagation of satellite communication systems (Volume

1) and troposcatter and ionoscatter communication systems (Volume 2). Tech-
niques to model a relatively wide range of nuclear situations and to predict

ho" these situations would degrade the communication systems performance are
presented. These volumes provide a basic understanding of nuclear phenome-

'nology and its interrelation with troposcatter propagation and propagation to

satellites.

REPORTS

DNA 4595T (AD C015 973), E f'eot o' L ow-AZzt ic !Nao r Ex osicns on rtsp"*'

'Sor:cr ~"r':;c' Li,:ks R.C. Scott, MRC-R-391, Mission ResearchCorporation, April 1978

Effects of low-altitude, low-yield nuclear explosions on the perform:'*c

of tropospheric scatter communication links are calculated using the SCATTR
comu:ter rrocra:. Limits in time and geocraphical position of the exolosio-

and interference sources are determined, beyond which the effects of the se-

- lected set of explosions can be neglected.

DNA 3625F (AD C007 979),' Effects Assesisert for
..- t.. t...r o rtion in T-ot* Theater J. Marshall, et

al, ESL-TM633, ESL Incorporated, August 1975

This report addresses those propagation path disturbances produced by

tati.al nuclear weapons that may affect satellite and troposcatter comm:.
tion systems. As part of the INCA program sponsored by DNA, the emphasis is
on a preliminary assessment of the propagation path disturbances that may

arise from the limited nuclear exchanges described by the Europe I and II

scenarios.
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APPENDIX

PROPAGATION ENVIRONMENT
PRODUCED BY NUCLEAR BURSTS

The energy released by a nuclear explosion affects the electromagnetic

properties of the atmosphere mainly by the ionization of air. An ionized region

can change the ampliLude, velocity, and direction of signals propagated through the

region. Other effects of importance to communication systems include noise radiated

from regions heated by the explosion and the scattering and attenuation of signals

by particulate matter carried into the atmosphere after bursts that interact with
':.4 .p the earth's surface.

A.1 ENERGY RELEASE AND ATMOSPHERIC MODIFICATIONS

4.. A.1.1 General

4%

rW"4

%.. The concept of "stopping altitude" is useful in understanding the inter-
action of weapon radiation with the atmosphere. The stopping altitude is the

.4... nominal altitude to.which a given radiation from space will penetrate straight down

* into the atmosphere before losing most of its energy. Since the density of the

. atmosphere varies so rapidly with altitude (see Figure A-l), most of the energy is
deposited in a relatively thin layer near the stopping altitude. Alternatively,

radiation emitted below its stopping altitude will only penetrate the atmosphere a

short distance before depositing its energy. The stopping altitudes for weapon

outnuts from a typical nuclear explosion are shown in Figure A-1.

.' Energy deposited in the atmosphere can dissociate, ionize, and heat the
air. In regions where sufficient energy is deposited to significantly heat the air,
the region undergoes hydrodynamic motion and the ionization within the region is
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Figure A-I Atmospheric properties.

determined by both hydrodynamics and atmosphere chemistry. Outside of heated re-

gions the ionization produced by energy deposition is a strong function of deposi-

tion altitude. The lifetime of free electrons produced by prompt radiation varies

from about 10-8 second at sea level to several minutes in the upper D-region. Elec-

tron lifetimes in the D-region are affected by solar conditions and are much shorter

at night than in the daytime.

A.1.2 Fireball Region

For detonations below about 80 km, the X-rays are absorbed by the sur-

rounding air, heating it to high temperatures and initiating radiative and hydro-

* dynamic processes to form a relatively well defined region, termed the fireball,

which is both highly heated and ionized. For detonations above about 80 km, the

X-rays can escape to large distances; however, for detonations below about 300 km a

significant fraction of the debris kinetic energy is converted to ultraviolet radi-

ation, which still produces a fireball region. As the detonation altitude is in-

creased above about 80 km, the Earth's magnetic field plays an increasingly impor-

tant role in determining the debris motion and the deposition of debris kinetic

energy. For detonations above about 500 kin, the geomagnetic field is the dominant

mechanism slowing the debris expansion.
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The initial fireball size varies from a few tenths of a kilometer to sev-

eIl hndr-Jd kilometers in radius, depending on the weapon yield and detonation

altitude. After the fireball is formed, it rises and expands. Figures A-2 and A-3

show fireball center altitude above ground zero and the fireball horizontal radius

for selected bursts. For detonations above about 80 km, the Earth's magnetic field

significantl% affects the fireball gro,th and shape (see fireball geometry sketch

in Figure A-3", an,! the fireball hottc:- altitude is an important fireball altitude

measure.

For bursts below about 80 kin, the fireball can remain highly ionized and

affect propagation for sevLral minutes. For higher altitude bursts, significant

ionization can persist longer and the ionization becomes structured into geomagnetic

field-aligned filaments (striations) that can produce scintillation effects for tens

of -.in-utes or longer, depending on burst, atmosphere, and propagation parameters.
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The location of the fission debris, which is the source of long-lasting

% D-region ioni:ation due to delayed radiation, is generally determined by fireball
N4motion a_- early tim e . For bursts above several hundred kilometers, some debris

rr::v IT-.,-': 2,:: a rOSS Ceom atzret ic field lines and be widely dispersed. At late

times (hoursj debris dispersal and location are largely determined by" atmospheric

winds.

A.1.3 t Prompt Radiation

Ioi:ed regions can also be produced outside the fireball by prompt and

delaed radiation. The magnitude, spatial extent, and duration of these regions

depend on burst height and weapon yield.

For detonations belou, about 80 ki-m, most of the prompt radiation is de-
posited close t. t,'e burst point, producing the fireball discussed above. For

higher burst altitudes, X-rays can produce widespread ionization in the D-region

and X-rays and U\ radiation can produce widespread ionization in the E- and F-

regions.
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I; the P-recion the electron density produced by prompt radiat 1(- deca' s

as th,, electrons recombine with positive ions and attach to neutral particles to

frn negative ions. The electron density. at a particular altitude is approximately

x~ (o)

N (t< e D + Ae (A+D)t

c 1 + zN (O)t P + A

Ne (o) = electron density produced at t = 0

:x,A.P = reaction rate coefficients that describe electron recombina-

tion, attachment, and detachment respectively

t = time after burst (seconds).

Note that the electron density' will be independent of the initial ionization when

t 1

Since , is greater than about 3 x 10 - 7 in the D-region, all sources that produce at

least 3 > l electrons cm are equivalent by about 1 second. This condition is

-ctine. a.- saturation and can be produced over widespread regions by rclatici\

small yield, high-altitude bursts. The prompt D-region ionization decays to am-

bient levels by a few tens of minutes or less, depending on altitude and time of

day.

Significant electron densities can also be produced in the E- and F-

- recgions for several minutes or longer following prompt energ" deposition. For

large-yield bursts detonated above about 100 km, X-ray energy, will heat the atmos-

phere below the burst sufficiently to cause upward motion of the air (referred to

as atmospheric heavej, changing the atmospheric density" and composition at higher

altitudes. This phenomenon can affect electron lifetimes in the E- and F-regions

and affect the formation and dy-namics of fireballs produced by' subsequent

det onat ion->.

While most of the prompt energy is deposited in the burst locale, some of

the energy, can be transported to great distances. A neutron escaping the atmosphere

has a half-life of about 12 minutes for spontaneous disintegration into a proton,

an electron, and a neutrino. The electron (beta particle) is constrained to follow

the geomagnetic field lines, eventually depositing its energy in the P-region.

Since the neutrons can reach great distances before disintegrating, beta particles

can be injected on geomgnetic field lines far from the burst and can cause ioniza-

tion at distant points. For nuclear bursts detonated above about 100 km, some of
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the phtoclectrons produced by X-ray energy, deposition can escape the burst region

and travel along geomagnetic field lines to deposit energy, in the conjugate re-

gon. The non-local prompt ionization sources are primarily of interest in anal-

ysis of nuclear test data and nuclear burst diagnostics, but may in some circum-

stances affect propagation in and below the HF band.

A.1.4 Delayed Radiation

Delayed radiation is the major source of persistent ionization outside

the fireball. Even though it is a small fraction of the total weapon radiation, it

Xj. can result in electron and ion densities well above ambient concentrations. The

location of the fission ebris determines where the delayed radiation effects will

be observed. For debris a~titudes below about 25 km, delayed gamma ravs will de-

posit their energy- close to the debris. Because of the relatively short electron

-2 lifetimes (large electron loss rates), significant electron densities require large

en gy depositions.

For debris altitudes above about 25 km, gamma rays can penetrate large

distances through the atmosphere. If radial spreading of the gamma rays is neg-

lected, the maximum energy, deposition occurs close to the gamma ray stopping alti-

tude (approximately 25 km). However, the maximum electron density generally- occurs

at higher altitudes in the D-region, where the electron lifetimes are larger (elec-

tron loss rates smaller). Close to the debris region, the energy, deposition and

resulting electron density can be large due to the high gamma ray flux levels.

For debris altitudes below about 60 km, beta particles deposit their en-

ergy within o- close to the fission debris region. At higher debris altitudes,

beta particies can travel large distances through the atmosphere; however, because

they are charged particles (high-energy electrons) they spiral along the Earth's

magnetic field lines, depositing most of their energy at approximately 60-km alti-

tude. For debris regions above about 80 km, about half of the beta particles de-

N. posit their energy in the burst locale and about half deposit their energy in the

conjugate region. Beta particles are more efficient than gamma rays in producing

persistent electron density, because they are confined by the geomagnetic field and

deposit most of their energy in a region of relatively long electron lifetimes.

Non-local energy deposition can produce distant, low-level ionization.

Compton electrons produced by gamma rays above about 70 km can escape the atmosphere

* and follow geomagnetic field lines to the conjugate region. Also, photons produced

*The conjugate region is the region in the opposite hemisphere that is defined by

following the geomagnetic field lines from the burst locale.
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-kby beta particle energy deposition (beta bremsstrahlung) can produce widespread

ionization in the conjugate region. As for the non-local prompt sources, the ion-

ization is primarily of interest in diagnostics and propagation effects in and be-

low the HF band.

A.2 GENERAL PROPAGATION EFFECTS

Changes in the amplitude and phase of an electromagnetic wave can be

described in terms of the index of refraction of the medium through which the wave

propagates. Changes in the index of refraction can result in absorption, refrac-

tion, time delay (change in propagation velocity), dispersion, Doppler frequency

shifts, Faraday rotation, scatter, and scintillation. In terms of communication

and navigation system performance, these effects result in signal reduction and

distortion and position and velocity errors.

The heated region from a nuclear burst (the fireball) is also a strong,

frequency-dependent, thermal noise emitter. The received system noise will increase

if the beam intersects the fireball, thus reducing the signal-to-noise ratio. (U)

Surface or near-surface bursts can loft large masses of particulate ma-

terial (dust, rocks, etc) into the air. This material can absorb and scatter elec-

tromagnetic radiation.

A.2.1 Absorption

Absorption is the major cause of signal attenuation in a nuclear environ-

meat. It results from. the collision of free electrons set in motion kv the electro-

magnetic wave with other particles. Generally absorption occurs in or below the D-

region and is proportional to the electron and neutral particle density. Absorp-

tion can occur in the E- and F-regions, where the neutral particle density is low,

if the electron density is high enough to cause the electron collision frequency

V with ions to become important.

For ionization regions below about 20 km, absorption is relatively in-

sensitive to the propagation frequency. In the D-, E-, and F-regions, absorption

Wscales inversely with the square of the frequency.

-' A.2.2 I Refraction

An electromagnetic wave propagating into an ionized region will have part

of its energy reflected from the boundary and part transmitted across the boundary.

The transmitted wave changes direction at the boundary and is bent (refracted) away

from the region of low refractive index. The bending is proportional to the gradient

of the refractive index normal (perpendicular) to the direction of propagation.
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kefract ion results in angular measurement errors. Also, if more than ont

propagation path can exist between two points (due to refraction or reflection),

there can be multipath interference, resulting in large signal fluctuations as the

individual signals combine with changing relative phases.

Rcfraction in the P-region caused by nuclear-burst-produced ionization is

normally accompanied by large absorption. However, significant refraction may oc-

cur when the propagation path passes close to the fireball or close to regions

ionized by beta particles (particularly when the propagation path is nearly parallel

to the Earth's magnetic field lines). In the E- and F-regions, where the electron

collision frequency is small, electron densities sufficient to change the direction

of propagation by a few degrees can occur without causing significant absorption.

A.2.3 ( Velocity of Propagation (Time Delay)

In an ionized region, the velocity associated with the transmission of

energy is less t oan in vacuum, and the time required for a signal to propagate a

,% giver distance is increased. Typical values of time delays associated with ioniza-

tion caused by nuclear bursts range from a few nanoseconds to a few tens of micro-

.eco2s. This cur result in range errors from meters to a few kilometers. The

larger time delays are usually accompanied by significant absorption when the ion-

ized region occurs below 100 km. The propagation time delay is directly propor-

tional to the integral of the electron density along the propagation path and in-

verscly propcrtional tc the square of the frequency.

A.2.4 ; Dispersion

The phase velocity in an ionized regio- (dispersive medium) is frequency

dependent. Therefore, the phase relation among various portions of the signal that

are transmitted at different frequencies will be Inodified. This will cause a

stretching and smearing of the received waveform. The significance of dispersion

depends critically on the type of signal propagated and the signal processing em-

ployed. For frequency division multiplex systems, dispersion can result in inter-

* channel interference. Pulse systems will suffer reduced signal strengths if the

pulse shape is significantly distorted. Dispersion effects below 100 km appear to

be negligible in comparison to absorption. At higher altitudes, burst-produced

ionization may cause important dispersion effects, but only for wide-band signals

(bandwidths of the order of 1 percent or more of the carrier frequency) and probably

only for propagation through fireball regions after the electron density has de-

creased sufficiently so that absorption is not overriding.
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A.2.5 ( Doppler Frequency Shifts

A time-dependent phase change is equivalent to a carrier frequency shift.

Since the phase changes are proportional to the electron density integral along the

propagation path, frequency changes may be caused by electron density changes along

a fixed propagation path or from motion of the propagation path in a region of in-

homogeneous electron density. For a fixed propagation path, frequency changes

caused by nuclear-weapon-produced ionization are small (a few hertz for a lO-Mliz

signal) by" a few seconds after burst. Larger frequency changes may occur when the

propagation path moves through regions of high electron density such as the fireball;

however, then absorption generally' will be more important.

A.2.6 Faraday Rotation

Another effect to be considered is change in the polarization (spatial

orientation of the electric field) of a wave traversing an ionized medium in the

presence of an external magnetic field. The polarization change, called Faraday"

rotation, is proportional to the integral of electron density' along the propagation

* path and the Earth's magnetic field strength, and depends on the angle between the

direction of propagation and the magnetic field. Faraday rotation can affect the

received signal strength for systems using linearly polarized signals.

A.2.7 Scatter and Scintillation

Inhomogeneities in the dielectric constant of the propagation medium can

-.- cause some of the incident energy to be scattered or reflected away from the origin-

al propagation direction. The direction of scatter depends on the shape of the in-
homogeneities and the orientation of the incident beam. Energy that is forward

scattered as the wave traverses inhomogeneous regions can cause fluctuations in the

amplitude and phase of the wave, called scintillation. Propagation through magnetic-

field-aligned ionization in late-time, high-altitude fireballs and possibly in dis-

*. turbed portions of the E- and F-regions outside of fireball regions may produce sig-

nificant fluctuatiors in the phase, amplitude, time delay', and angle of arrival of

the signal. The nuclear scintillation effects are analogous to the twinkling of

stars as seen through the Earth's atmosphere. However, in the nuclear case the

phase fluctuations can be several orders of magnitude larger than for the natural

case.

A.2.8 Other Effects

In addition to the effects described above, nuclear bursts produce several

other effects that can be of importance to system operation. Among these are thermal

radiation, synchrotron noise, bremsstrahlung, and particle scatter and obscuration
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cauSeJ by material carried up by surface or near-surface bursts.

The received noise level can be increased by thermal emissions from fire-

ball regions. The fireball may remain at temperatures above about 1000 K for a fe

hundred seconds and may produce effective antenna noise temperatures of several
thousand degrees if the antenna is pointed at the fireball. In general, thermal

noise will be significant only for systems with low receiver noise temperatures.

The actual noise received will depend on the properties of the fireball (whether it

is absorbing at the frequency of interest), the amount of attenuation outside the

fireball, and the directivity of the antenna.

Synchrotron noise is produced by beta particles spiraling along the Earth's

magnetic field lines. As a result of the spiral motion, the electrons radiate elec-

tromagnetic energy. However, the magnitude of this "noise" is generally not sig-

nificant for frequencies above the VHF band.
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